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Our Load of Mutations’ 


H. J. MULLER 


Indiana University, Bloomington, Ind. 


1. The “prevailing” view. 


While a few students of heredity have maintained that hereditary diseases and certain 
congenital anomalies and malformations in man not infrequently may arise from mutation, 
although unable to present any indisputable evidence in proof of their hypothesis, until 
recently the prevailing view has been that mutation as a direct cause of disease is extremely 
rare and of little practical significance. Since observational data are limited to relatively 
few generations and since human cross breeding experiments may not be performed, we 
shall never be able to demonstrate with certainty that a hereditary human disease arises 
from mutation. 


The above is quoted from an editorial entitled ““Mutation as a Cause of 
Disease,’’ which appeared in the Journal of the American Medical Association, 
on November 8, 1947 (vol. 135, page 644). The article proceeds to list some 
18 ailments (most of them very rare ones) which, to use its terminology, “are 
believed to occur as mutations.”’ In regard to the form of their inheritance, the 
further word of caution is sounded that “‘any given hereditary disease may be 
recessive, dominant or intermediate depending on the length of time that has 
passed since the disease-inducing gene arose through mutation, the younger 
ones being recessive and the older ones tending more to be dominant.” It is 
however concluded that “‘One of the most important tasks of medical genetics 
in the future will be to investigate further the significance of mutation as a 
cause of disease.”’ 

It is the aim of the present paper to bring forward some of the considerations 
opposed to the allegedly “prevailing view” cited above. These considerations 
would lead to the conclusion that mutation as a cause of impairment of human 
functions (it would be better not to risk semantic confusion by using the osten- 
sibly more technical term “disease” here) is much more general and goes a good 
deal further than is commonly realized. 

Unless we discard our entire ‘““Mendelist-Weismannist-Morganist”’ concep- 
tion of the process of evolution, founded on studies of the most diverse organ- 
isms, the whole make-up of a man is the result of a tremendous succession of 
mutations that happened to succeed, but the ones which did not succeed, that 
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is, those causing dysfunction, were and are ever so much more numerous in 
their origination and of far more varied kinds. It is a poor elementary course 
in genetics which does not bring out the fact that each bodily process and part 
is the resultant of the activity of multiple genes, every one of which is subject 
to its varied mutations, some with smaller, others with larger effects. That is, 
every one of the thousands of genes that resulted from successful mutations is 
liable to further change, and its next mutation will most probably be a harmful 
one. Hence there must be a far greater number of different kinds of ailments 
whose characteristics are traceable to genetic changes of natural origin than 
there are different kinds of infectious diseases. This general reasoning does not 
in itself give us much idea, however, of the actual frequencies with which these 
mutational disorders occur in populations. For this it is necessary to turn to 
quantitative studies. 


2. The basic theorem of mutant gene frequencies, in cases of regular domi- 
nants. 


As long ago as 1921 the fundamental theorem concerning the frequency, in a 
large population, of a disorder caused by mutation of a given gene was laid 
down by C. H. Danforth, in his address to the 2nd International Congress of 
Eugenics, held in New York City. This theorem may be expressed by saying 
that the frequency of the disorder among the individuals of the population 
(i.e. the proportion of individuals that manifest the disorder) reaches an 
equilibrium value (f) when it is equal to the frequency (m) with which new 
cases manifesting it are arising by mutation? in each generation, multiplied by 
the persistence (p), that is, the average number of generations during which a 
mutant gene of the given type manifests itself in the population before be- 
coming eliminated by selection. At this equilibrium frequency the mutation 
rate equals the elimination rate; that is, the mutant genes in question are 
being destroyed as fast as they arise and hence remain approximately constant 
in number.® 


? Under this method of formulation (involving a slight modification by the present author) a case 
of a recessive condition must be counted as “half new” and given a value of 4, if the individual mani- 
festing it has received from one parent a mutant gene which is manifesting itself for the first time 
(and is therefore in this sense “‘new’’) and from the other parent a like mutant gene which has mani- 
fested itself already in one or more previous generations (and is therefore ‘‘old”’). 

3 It happens that at this same congress (the proceedings of which were not published until 1923) 
R. A. Fisher announced the first calculations concerned with the extent to which mutant genes would 
increase and decrease in numbers as a result of accidental processes of multiplication, a phenomenon 
later termed “drift” by Wright. He also showed the interaction between this phenomenon and selec- 
tion, and pointed out in what manner Mendelism and mutation theory serve as a basis for Dar- 
winian evolution. And in the same session as Fisher’s paper was presented the present writer gave 
an outline of the now accepted theory of gene mutation and showed that in consequence of the 
unremitting succession of mutational occurrences, the frequency of mutant genes in general must rise, 
with resultant degeneration of the biological organization, when selection is withdrawn, either with 
regard to any given character or to the whole organism, as the case might be. 
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Stated in this form, which is approximately that used by Danforth, the 
principle can for dominant autosomal genes be very readily visualized (fig. 1). 
Let us however deal first with objects more familiar to us and suppose that a 
certain trucking company buys two new automobile trucks each year. (When 
we make our transition to the genetic situation the two trucks represent two 
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NUMBER PRESENT PER PERIOD: (f =6) 


Fic. 1. How Equilibrium is Attained and Maintained for Autos per Year and for Dominant 
Mutant Genes per Generation 


Here time proceeds from left to right. One dash indicates the existence of one auto during one year 
or of one dominant mutant gene during one generation. The persistence of the same auto or gene 
during later periods is shown by further dashes on the same horizontal row. In this illustration the 
number of new cases introduced per period, 2, is 2, and their number of periods of persistence, , is 3. 
The number present in any period is found by adding up the dashes in any vertical column. It is 
seen that, after a preliminary process of accumulation, this number fails to increase, attaining an 
equilibrium value, f. In the illustration f is seen to be 6, and it is obvious that f = np. That is, the 
elements accumulate until there are as many present in a vertical column as in any group of rows 
that began at a given time. 


new dominant mutations of a certain kind arising among the individuals of a 
population in each generation.) In this example, then, ”, the new cases, when 
expressed in numbers, is equal to 2. Suppose next that these trucks always 
wear out sufficiently at the end of three years to cause them to be gotten rid of. 
(This corresponds to the dying off of the dominant mutant gene after three 
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generations.) The persistence, we then say, is for three periods, and p = 3. As 
the diagram shows, an equilibrium value (f) of six accumulated trucks (or 
genes)—adding the dashes in a vertical column—is reached in the third year 
(or generation). And this value of f, 6, for the accumulation reached, which 
remains constant thereafter, is equal to the rate of origination per period, 2, 
multiplied by the number of periods of persistence, 3. That is, f = mp. 

Of course, when we deal with genes instead of trucks the number originating 
in each period, or generation, and more especially the number of periods of 
persistence, are subject to fluctuations. They are not themselves ordinary 
mathematical constants, as they are shown to be in the diagram for the sake 
of simplicity, but they only have a certain average value. However, when the 
number accumulated at equilibrium is much greater than 6, lying in the hun- 
dreds or thousands, these fluctuations can have relatively little effect on the 
number arrived at in the long run. To be sure, the attainment of the equilib- 
rium number is greatly delayed by the variations in persistence; in fact, the 
equilibrium number is, for this reason, only gradually approached, as a limiting 
value. The speed of approach is calculated according to another formula, which 
was also first worked out by Danforth, in the same article. 

The persistence number, giving the average number of periods during which 
a gene manifests itself before dying out, is of course the reciprocal of the figure 
for the amount of selection against the gene on each occasion on which it mani- 
fests itself. Thus, in our chosen case, where the average persistence is three 
generations, the mutant gene, every time it appears, has a one-third greater 
chance of dying out than a normal gene has. It may, to be sure, happen to die 
out after only one generation or it may on the contrary manage to survive for 
many generations—meanwhile even multiplying in some instances. Neverthe- 
less, as various geneticists (among them Jennings, Wright, Wentworth) pointed 
out in the second decade of this century, these opposite accidents of survival 
which occur apart from selection must ultimately compensate one another in 
a large population. It follows that if a large number, m,, of mutant genes of a 
given kind were considered, all of which had a one-third greater than normal 
chance of dying out at any one manifestation, then all of them taken together 
would go through approximately 3, manifestations.‘ That is, if 7 designates 
the amount of impairment or “selective disadvantage,” i.e. the chance (in our 
case, 3) of dying out at any given manifestation, we have the relation i = 1/?, 


‘A proof by summation of the numbers in each generation (sum of factorial series) is sometimes 
given for this. However, no proof is required because the very definition of the chance of elimination 
is necessarily the number of eliminations (m;) divided by the total number of cases (here 37). It 
should be noted however that p, the average number of manifestations of a given gene (in our case 3), 
is considerably larger than the median number of manifestations, since the distribution is much 
skewed. It can be reckoned that when is a large number, only 0.37 of the genes succeed in going 
through the average number of manifestations. But those which do succeed manage to exceed the 
average number, on the whole, by a good deal more than those which fail fall short of it. 
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or p = 1/2. On the other hand, the mutant gene’s chance of survival, s, in any 
generation, often called its survival value, is 1 — i, or in our case §. 

It is evident that the relation f = mp may be used to determine n, the fre- 
quency of new cases (or that of cases eliminated, since these are ordinarily 
equal to m), provided f and are known. However, when it is used to determine 
the mutation rate per genome or gamete, mu, it must be remembered that the 
frequency of manifested cases (i.e. of mutant phenotypes) among individuals 
in a population is, for infrequent dominants, approximately twice the frequency 
of the mutant gene among the genomes or gametes, since an individual results 
from a combination of two germ cells and manifests a dominant gene received 
from either one of them. Therefore the frequency of new cases, phenotypically 
considered, is for such genes (ignoring the very rare occurrence of homozygosis) 
twice the mutation rate: that is, 7 = 2u. Likewise, the frequency of individuals 
eliminated genetically by the given gene at equilibrium, being equal to 1, is 
2u. Substituting this value of ~ in the formula for f we have, for infrequent 
dominants, f = 2up, or » = f/2p. In our preceding illustration, then, » = 1, 
when expressed in whole numbers, with the population size, V, understood. 
Actually this means that there is a frequency of mutation of 1/N, where VN may 
be thought of as the total number of gametes of a given sex that function in 
producing a population of the size there under consideration. 


3. The theorem in other cases. 


Strange as it may at first seem, the fundamental formula, f = np, applies 
as well for completely recessive mutant genes as for dominants. However, in 
this case, when we solve for yu, the factor 2 does not enter; that is, we have 
simply x = yu. The situation for completely recessive mutant genes has been 
schematized, again in much simplified form, in figure 2. Each horizontal row 
in this figure shows the situation for a given mutant gene through a succession 
of generations. The gene is again represented as being handed down without 
either multiplying or dying out, until selection intervenes to destroy it, since 
as has been noted above this will happen as an average of all cases. In this case 
we have again supposed two new cases to arise per generation (m = 2). And, 
as before, the persistence, p, i.e. the number of manifestations of a gene, has 
been taken as a constant number (again 3) instead of being, as it actually is, 
subject to such fluctuations that the frequencies of its values form a geometric 
series resulting in the given number as the average. 

In this figure, unlike that for dominants previously dealt with, we have dis- 
tinguished between cases of manifestation of the mutant gene and cases of its 
presence without manifestation. Only the former have been represented by 
dashes, the latter by dots, and it is only the former that have been counted in 
the determination of p. That is, a gene’s “persistence” here denotes the number 
of its manifestations (dashes), not its duration or the total number of genera- 
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tions of its survival. This persistence is the reciprocal of the selection which 
operates against it when it does manifest itself, i.e. in the illustration chosen 
there must be an adverse selection of } per manifestation. And it is the mani- 
fested cases, not the total cases carrying the gene, which accumulate to the 


GENERATIONS: 
'2 18 20 22 


00002222244444666666666 
Fic. 2. Simplified Diagram of the Mechanism of Equilibrium for Completely Recessive 
Mutant Genes 


The method of symbolization is the same as in figure 1, except that the mutant genes are represented 
by dots when they are present in heterozygous condition and therefore not manifested and are 
represented by dashes when homozygous and manifested. As before, m is taken as 2 and #, which is 
here the number of generations a gene is manifested before dying out, as 3. Again f = mp, which 
in this case is 6. 


equilibrium frequency calculated by this value of f: for this illustration, an 
equilibrium frequency of 2 X 3, as before. However, as above noted, the muta- 
tion rate per genome or gamete, yu, is now m instead of /2, and in our illustra- 
tion this is seen to be 2. That is because each case of manifestation or of elimi- 
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nation now applies simultaneously to two mutant genes, one derived from a 
gamete of each sex. Of course the same two genes do not keep company as 
shown, yet the numerical relations here in question average out as if they did. 

It is to be noted that, except for recessive genes of extremely high persistence, 
ihe manifestations will occur but rarely, since they result from the coincidence 
of the same recessive gene having been received from both parents. Thus the 
dashes are usually separated by far more dots than here shown. However the 
relations would remain in principle the same as shown. We have preferred to 
abridge our representation in order to conserve space and to make the matter 
easier to apprehend. The diagram is also simplified in not showing great varia- 
tions in the numbers of consecutive dots, and in not having these numbers 
greater before equilibrium and gradually diminishing until it is attained. None 
of these simplifications affect the final equilibrium value nor the fundamental 
relation f = np. 

With dominants of incomplete penetrance the same scheme of representation 
could be used, i.e. the cases of non-manifestation could be shown by dots and 
the value of p could be based on the manifested cases only. However, it seems 
unlikely that there would be many mutant genes which in the apparently non- 
manifested cases were completely lacking in any influence on survival, and 
unless this were true the apparently non-manifested cases would have to be 
taken into the reckoning for z and p. As a matter of fact, the same stricture also 
applies against the representation of heterozygous recessives by dots, except 
when the recessivity of the mutant gene is complete. As we shall see later, this 
makes the formula for complete recessives of interest only as a limiting case. 

Completely sex-linked recessives, unless so very frequent as to appear in the 
female with a frequency comparable to that in the male, can with close approxi- 
mation be treated in our scheme of pictorial representation as dominants of 
incomplete penetrance which, regardless of their mutation frequency, show in 
every third generation on the average. Their diagram, corresponding to figure 2, 

would show two dots to each dash. This is because one-third of a population’s 
' X-chromosomes exist in its males, so that there is, in general, one chance in 
three of such a gene, at any given time, being in a male zygote. Now since the 
vast majority of manifestations of these genes is concentrated within the male 
portion of the population, even though the males contain only one-third of all 
the X-chromosomes, it follows that the frequency in the males of new cases 
showing up for the first time (and therefore, too, the frequency of males elim- 
inated by such genes, at equilibrium) must be 3y,, that is, three times the fre- 
quency, ux, with which these mutations actually arise in the entire collection 
of X-chromosomes of the population, for they wait until they do get into a 
male before they show. But as the males constitute half the population, the 
equilibrium frequency of new cases and of elimination in the population as a 
whole must be 3u,/2 (a value deduced in a less direct way by Haldane, 1937). 
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To obtain the equilibrium frequency of manifestation among males we must 
multiply the figure for new or eliminated cases among them, 3u,, by the per- 
sistance value for males, p» (or, what amounts to the same thing, divide it 
by the selective disadvantage for males, iz), thus obtaining the expression 
fa = 3uxp s. Dividing this by 2, we find that, for the manifestation frequency 
in the population as a whole, f = 3uxp,/2. 

It should be noted that each sex-linked recessive mutation, like each domi- 
nant and unlike a complete recessive in an autosome, is in the male a full cause 
of manifestation. It follows that when it occasions elimination it is also a full 
cause of zygote death, i.e. the cause of two genome deaths, like a dominant 
gene. This becomes more evident if in the case of completely sex-linked mutant 
genes we define yu, for any locus in the X-chromosome, as the frequency of new 
mutant genes among the entire collection of gametes, whether from male or 
female, that function to produce the next generation, just as we do in the case 
of non-sex-linked genes, instead of using the special coefficient ux, which we 
defined as the frequency of mutations among just those gametes that carry 
an X-chromosome. Since one quarter of the functioning gametes (half the 
sperm) carry no X and therefore have a mutation rate of 0 for these loci, the 
value of uw on our more general definition must be ? of the value, ux, which was 
determined by the more special definition employed above. Making allowance 
for this in the above formulas by dividing them by #, we find that, on the more 
general definition of 4, we have for recessive sex-linked mutant genes m (the 
frequency of new cases or of individuals eliminated) = 2u, and f = 2, just as 
for dominant autosomal genes. It is evident that the same formula would 
necessarily hold for dominant sex-linked genes also, and for all having inter- 
mediate grades of dominance. As in its application to autosomal dominants, 
this formula would lose accuracy only in cases-in which the detrimental action 
was so very slight as to allow a considerable proportion of individuals to have 
received the gene from both parents (these would of course be homozygous 
females, in the case of sex-linked genes). 

For the important—in fact, the usual—case of a non-sex-linked gene which 
is incompletely recessive, manifesting itself to some extent in the heterozygote 
but more in the homozygote, we have a situation combining the features of the 
case for autosomal dominants and of that for autosomal complete recessives, 
but the exact calculation is more complicated. For the persistence now depends 
on the amount of selection in the heterozygous as well as in the homozygous 
mutant individuals, and on the ratio of these two types to one another. How- 
ever, this ratio varies with the gene frequency, and the latter in turn is deter- 
mined not only by the mutation frequency but also by the persistence itself. 
Thus, in this case, the values become interrelated in an intricate way. We shall 
not digress here to take up the resultant formula. Fortunately however it is 
unnecessary to use this more complicated formula when the heterozygotes so 
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outnumber the homozygotes that, despite the smallness of the selective disad- 
vantage of the heterozygotes, nearly all the elimination of the mutant gene 
occurs in them. Under these circumstances we may ignore the homozygotes, 
and incur little error by using the simple relations for dominants, f = 2p, 
and # (or frequency of elimination) = 2y. As we shall see later, it is probable 
that the great majority of mutant genes fall into this category. 


4, Mutation frequencies of individual human genes, as thereby determined. 


The first serious attempt to gain knowledge of the mutation frequency of a 
human gene was made by Danforth in his address of 1921. Using the principle 
which he had worked out for dominants, he applied it to the cases of syndactyly 
and polydactyly in man, both of which were already known to be inherited as 
dominants. From the records then existing, he was able to estimate the fre- 
quencies of each in the population as approximately 1 in 1,000 individuals 
(i.e. 1 in 2,000 genomes) and also the fact that in both cases their persistence 
must be at least three generations and probably was more. The formula then 
showed that their rates of origination by mutation must, in each case, be less 
than 1 in 6,000 germ cells—though how much less could not be determined 
without more accurate figures for persistence. As he further stated: ‘“There is a 
considerable number of dominant traits which are probably slightly unfavorable 
and which have an incidence not greatly different from that of syndactyly. ... 
The frequency could be estimated if the average number of generations through 
which they persist were known, but it is very doubtful if the maximum fre- 
quency [of mutation] is often greater than 1:6,000.” 

The value thus assigned still stands as an approximate upper limit and Dan- 
forth’s suspicion that the mutation frequency per locus is usually lower than 
this is supported by the work done in the past decade and a half by Haldane, 
Penrose, M¢rch, Dahlberg, and others, using in most cases substantially the 
same method on the more accurate data since obtained for other genes—both 
dominants and sex-linked recessives. Values of 4 most of which range between 
about 1 in 25,000 and 1 in 75,000, and appearing to center about 1 in 50,000, 
have been obtained in this way for some half dozen other genes. They have 
recently been summarized by Haldane (1948-9). Some of them have been 
corroborated by the more direct method of determining, in sample groups, the 
number of cases arising as demonstrably new mutants, from parents who did 
not carry the gene. Dahlberg also, in using a special type of approach to the 
estimation of persistence (or selection), based on the ascertainment of the 
number of ancestors manifesting a trait, has (1948-9) obtained results in the 
above range. 

The values of mutation rate arrived at by even the improved techniques are 
admittedly maximal, when applied to a given locus. For there is no assurance 
that one is dealing with the results from only one locus, rather than two or more 
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loci the mutations of all of which give the same kind of phenotype. However, 
the rough agreement in the values for different abnormalities argues in favor 
of their being of the right order of magnitude. In time, light might be thrown 
on this matter by studies of linkage of some of the genes in question with com- 
mon marker genes, such as antigens. 

In the case of apparently recessive genes the difficulties appear too great for 
profitable application of any of the formulas for the estimation of yu. In the first 
place, there is as we shall see good reason to infer that most of them have a 
slight degree of dominance, enough to make the formula for complete reces- 
sives inapplicable to them. At the same time there is too great uncertainty as 
to the value of p (or z) for the heterozygotes in these cases to allow a numerical 
solution on the basis of the formula for dominants. This is particularly true of 
very weakly acting dominants like these, for their 7 values for heterozygotes are 
not only so small as to be indeterminable at present, but have also been subject 
to especially great and especially indeterminable alterations caused by the 
changing conditions of civilization. Finally, there is reason to infer that, insofar 
as these genes are functioning as recessives, their average frequencies of mani- 
festation have been significantly lowered below the equilibrium value in recent 
generations by the merging of many small populations into larger ones. 


5. Method of calculation of total frequencies of elimination and of manifesta- 
tion. 

From Danforth’s observation that all detrimental mutant genes, of whatever 
grade, tend to equilibrium frequencies at which their extinction rate simply 
equals their rate of origination by mutation, y, it follows very directly that the 
grade of detriment occasioned by a gene when it manifests itself in an individ- 
ual has no influence upon the amount of genetic death it causes in the equilib- 
rium population. For its death rate depends only on its mutation rate.’ And 
since the death rate is a kind of index of the total damage which the gene 
occasions, it also follows that, paradoxically, the grade of detriment caused by 
a gene in the average individual in which it manifests itself is not correlated 
with the total amount of damage it does in the entire population. All this re- 
sults from the fact that a less detrimental impairment accumulates to a com- 
pensatingly higher equilibrium frequency than a more detrimental one of the 
same mutation rate, i.e. that i = 1/p. In the entire population, then, just as 


* The above relation was made use of by Haldane in 1937 (op. cit.) in his pioneer calculations on 
the total “loss of fitness” caused in a population by mutation. More recently, without at the time 
being aware of Haldane’s approach to this particular point, the present writer gave a statement of it 
in terms of the individual mutation, noting that each detrimental mutant gene, no matter how slight 
its phenotypic effect, produces, on the average, one eventual half-death of a zygote, or what may be 
termed one genome-death, when it acts as a recessive in causing elimination, and one complete zygote 
death, i.e. two genome deaths, when acting as a dominant (Muller, 1947, 1948, as well as lectures 
and unpublished communications of earlier dates). 
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many individuals are being exterminated by the less detrimental gene, and it 
is on the whole doing as much collective damage in others, not exterminated 
by it, as would have been the case if it had been more detrimental in its effect 
on single individuals and had therefore accumulated to a lesser degree. 

It is a direct consequence of the above facts that the elimination rate of all 
mutant genes taken together must at equilibrium be equal to u; (or Dy), that 
is, the sum total of the respective values of yu for all loci, without consideration 
of detriment, z, or persistence, p. This total value may also be expressed as 
la, where / is the total number of loci and fi is the average per-locus mutation 
rate. 

When however we come to figure the total amount of genetically caused 
elimination of individuals rather than of genes the situation becomes somewhat 
more complicated, first by reason of dominance and second by the fact that 
genes at different loci will have some overlapping of their extinction effects, 
i.e. their incidence will to some extent be on identical individuals and therefore 
not separately to be recorded. Considering first the effect of dominance, we have 
already examined the formulae applying to individual loci. According to these, 
the equilibrium relation for dominant autosomal genes, as well as for sex-linked 
(dominant or recessive) genes, is that n, the frequency of new cases, i.e. of in- 
dividuals with newly manifested genes, and therefore too the frequency of 
eliminated individuals, is 24, while for nearly completely or completely reces- 
sive autosomal genes it is <2u, with a lower limiting value equal to yp itself. 
All these cases may be represented as du, where d denotes the factor which, 
depending on the degree of dominance, varies from 2 down to 1. 

Considering next the question of “overlapping” referred to above, it is evi- 
dent that in a large panmictic population there would be very little correlation 
between the distributions of the mutant genes of different loci and that these 
distributions may for the present purposes be considered independent. More- 
over since, firstly, the extinction rate due to an individual locus is exceedingly 
small and since, secondly, in the great majority of cases the extinctions caused 
by any given locus are probably only in small proportion (relatively to the 
whole) determinately connected with those caused by particular genes at other 
loci, we may tentatively and as a first approximation consider the genetic 
deaths associated with different loci as occurring independently. If now the sum 
of the respective du values for the individual loci is itself not above 10%, the 
amount of “overlapping” of the genetic deaths caused by mere coincidence 
will be relatively small. Therefore this sum, >(du), having a value lying between 
li and 2/j, will in that case give a fair approximation to the frequency of 
genetic deaths of individuals.’ Calculations of this kind have been made in 


° As in other cases where the total frequency of a phenomenon caused by any one of many inde- 
pendent events is to be calculated (as for instance in plotting points on the curve relating mutation 
frequency to X-ray dosage—see Muller, 1936), strict accuracy always requires us to multiply to- 
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some detail by Haldane (1937) but, like others who have previously dealt with 
the subject (including the present author), he has treated autosomal mutations 
in general as complete recessives and hence has taken yu as the frequency of 
elimination of individuals caused by a given locus, thus arriving at a total 
elimination rate of individuals which approximated y; (or /j). 

We may turn next to the method of calculating, not the total frequency of 
elimination of mutant genes or of individuals, but their total frequency of 
manifestation. This is a much larger quantity since the persistence, », now 
comes into the reckoning. For each locus considered by itself we saw that the 
manifestation frequency at equilibrium is up, multiplied by a coefficient which 
varies from 2, for effectively dominant mutants, down to 1, for complete re- 
cessives.’ If now the values of u and # for all loci are uncorrelated and the co- 
efficient is for the great majority of loci substantially 2, then the total mani- 
festation frequency becomes 2 //, where j and # are the arithmetical means 
of uw and , while if the coefficient were significantly below 2 and also uncorre- 
lated with yu and p its average could be substituted for 2 in this expression. 

It is, however, very probable that there is some (but not a very effective) 
degree of positive correlation between all three factors, u, p and the coefficient 
that depends on dominance. For loci giving mutants of higher 9, i.e. of lesser 
grades of impairment, would be less efficiently selected for high genetic stability, 
and would therefore tend to have higher values of u. They would likewise be 
less efficiently selected for high phenotypic stability, and their normal alleles 
would therefore tend to be less dominant over the hypomorphic mutants, i.e. 
the latter would have a higher dominance relative to the normal than where 
persistence was lower.’ The resulting association of higher p, higher » and 
higher coefficient would cause the sum of these products to be higher than if 
the factors varied independently. There would therefore be a larger total num- 
ber of manifestations, although the manifestations, considered separately, 
would on the average be of lesser degree. Thus, any value for total manifesta- 


gether all the chances of non-occurrence (in our present case, the chances of survival, 1 — u or 1 — 2y, 
as the case may be). This gives the combined chance of non-occurrence (here, of survival). This 
combined chance is then subtracted from 1, for obtaining the total chance of occurrence (here, of 
extinction). However, when this total chance of occurrence (extinction) is itself below 10% this 
procedure is usually unnecessarily refined. For in that case the amount of overlapping of the in- 
dividual occurrences (extinctions) is so small that the total occurrence (extinction) can be calculated, 
with an error of less than 5% of its own value, by the simpler method of simply adding together the 
individual chances of occurrence. 

7 This coefficient is not identical with the d used in the formula for elimination frequency but 
somewhat larger, because it depends upon the relative numbers of heterozygous versus homozygous 
manifestants that occur rather than upon those that are eliminated. Thus wherever d may be taken 
as 2 the present coefficient may with even closer approximation be so represented. 

8 As was pointed out by the present writer (1918, p. 494) “it is to the advantage of the organism 
that most genes shall be very stable, and present-day races are doubtless the products of a long 
process of selection in that respect as well as in regard to the constancy of the reactions whereby the 
factors produce the characters.” 
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tion frequency calculated by one of the formulae given above, which assume 
independence of the factors, would be a minimal value. 

Regardless of such niceties of calculation, the total frequency of manifesta- 
tions of mutant genes is, as we shall see, certainly far above the 10% limit 
which we set on page 121, above which the method of summation should not 
be applied for determining the frequency of affected individuals. That is, the 
sum of the manifestation frequencies for all loci, although it does serve to 
represent the total frequency of manifestations of mutant genes, quite fails to 
represent, even to a first approximation, the frequency of the individuals that 
have these manifestations. For the manifestations are so abundant that their 
incidence for different genes overlaps to a very considerable degree, leaving 
practically no individual free from one or more manifestations. Thus the value 
arrived at by summation rises considerably above 1. Nevertheless this value 
still retains its usefulness, since, although it no longer represents the frequency 
of individuals with manifestations, it does represent the average number of 
manifestations per individual of the population. 


6. The distribution and total frequency of mutations, as evidenced in Dro- 
sophila. 


All these inferences and formulae remain dry as dust until applied to the 
actual situation. What evidence is there concerning the total frequency of 


mutation, the relative frequencies of mutations with different grades of detri- 
ment, the amount to which they act as dominants or recessives, and, finally, 
the degree and manner in which the population is encumbered by them? For 
this let us turn first to pilot experiments on Drosophila. 

In Drosophila work, recessive lethals have long been used as an index of 
mutation rate since they comprise a class which is much more sharply and 
objectively defined, as well as more abundant, than that of visible mutations. 
Moreover, evidence has been obtained that most of them, especially when 
“spontaneous,” are gene mutations, not differentiated from other gene muta- 
tions in the basic processes by which they arise. If now we exclude demonstrable 
structural changes of chromosomes, we find sensibly the same ratio of lethal to 
visible gene mutations in the spontaneous as in the X-rayed material. It there- 
fore seems legitimate to infer that the gene mutations induced by X-rays in 
Drosophila have on the whole (although not necessarily locus by locus or allele 
by allele) the same relative frequencies of the broader phenotypic categories as 
do the spontaneous ones. This allows us to turn to the X-rayed material for a 
survey of these relative frequencies, inasmuch as data on this matter in spon- 
taneous material are as yet inadequate. 

It was one of the first observations of the present writer in the mutation work 
that, considering any given morphological character, mutations with smaller 
effects exceed in their frequency of occurrence those with larger effects (Muller, 
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1923; Altenburg & Muller, 1920, p. 47). This was not contradicted by the 
finding that the frequency of lethals exceeds that of visibles by some 5 to 10 
times, for it seemed probable at the same time that “invisible”? mutations 
affecting viability detrimentally yet not enough to be fully lethal were more 
abundant than those drastic enough to be classed as lethals. In the first X-ray 
work on mutations, the results of casual observation did seem to bear out this 
idea (see Muller, 1928a), but there were no quantitative data on the matter 
until 1934. In that year, by coincidence, Kerkis and the present writer in 
collaboration (Muller, 1934; Kerkis, 1935, 1938) and Timoféeff-Ressovsky 
(1934, 1935), using similar techniques, carried out quantitative tests of the 
frequency of lethal and of invisible detrimental mutations of varying grades, 
induced by X-rays in the X-chromosomes of Drosophila spermatozoa. The 
results agreed surprisingly well. They showed the “‘detrimentals” to be induced 
with two or three times the frequency of the complete lethals, and, in the most 
delicate experiments of Kerkis, which were capable of detecting detrimentals of 
somewhat slighter grade, the detrimentals arose with as much as four times 
the frequency of the lethals. 

We can now take into account the fact that about a third of the lethals in- 
duced by X-rays in Drosophila spermatozoa at the doses used involve de- 
ficiencies or other structural chromosomal changes, whereas only some 5% of 
the non-lethals do so. When we make allowance for this we find that the detri- 
mental gene mutations must exceed the lethal ones by something like five 
times; in other words, lethals and detrimentals together would have six times 
the frequency of lethals alone. But even this does not bring into the reckoning 
mutations with grades of detriment, as recessives, of less than about 10%, i.e. 
with 90% or more survival value, for the tests were not delicate enough to 
detect them. It is quite conceivable that these slightly detrimental mutations 
may have an abundance comparable with that of all the more markedly detri- 
mental mutations taken together. 

Let us now see what these findings mean in terms of the total spontaneous 
mutation frequency, u:, and of the total detrimental effect in populations. 
Experiments of my own and of my collaborators, as well as of others, have 
shown that the frequency of origination of lethals in the X-chromosome of 
Drosophila is only about one-sixth their frequency in all chromosomes taken 
together—a result in approximate agreement with the relative sizes of the 
euchromatic regions of the different chromosomes. This would make the total 
frequency of lethals and recognized detrimentals (not counting those of too 
slight effect to have been detected), in gametes containing an X-chromosome, 
some 36 times as great as that of lethals in the X-chromosome. In the gametes 
not containing an X (spermatozoa with a Y) this “total’’ frequency would be 
five-sixths as great as in the rest, and since three-fourths of all functioning 
gametes have an X, this gives us for the total gene mutation rate in all func- 
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tioning gametes taken together the value (36 X 3) + (36 X % X 3), ie. 34.5 
times the frequency of just the lethal gene mutations in the X-chromosome 
alone. 

Now the frequency. of spontaneous lethal gene mutations in the X-chromo- 
some of male Drosophila is usually about 2 per thousand in sperm of the first 
week after hatching and only about 0.6 per thousand thereafter (Muller, 1946, 
and unpublished data). We may call this, to be on the conservative side, an 
average of 1.3 per thousand, although probably so many flies die in nature 
after the first week as to make the average higher. In the X-chromosome of the 
female the frequency is about 1.7 per thousand throughout life (Muller, op. cit.). 
Ignoring for present purposes the fact that the female furnishes more X-chro- 
mosomes than the male (since that is not true of the other chromosomes) we 
obtain an over-all figure of 1.5 lethals per thousand in the X-chromosome, a 
figure which is if anything too low. This may now be multiplied by 34.5 to 
obtain the frequency of all lethal and detectable detrimental gene mutations 
in all the chromosomes together. The resulting value turns out to be 51.75 per 
thousand, or approximately 5%. 

A “total” mutation frequency of 5% means that 1 gamete in every 20 con- 
tains a new spontaneously arisen lethal or detectable detrimental gene that 
arose within the span of the very last (the parental) generation. But, as we 
have seen, each detrimental mutation, no matter how slight its effect, as well 
as each lethal, eventually leads to one genetic death of a zygote or genome, on 
the average, and these mutations are arising in the germ cells of both parents. 
Therefore, insofar as the deaths occur in homozygous recessives, 1 in 20 of the 
population at equilibrium would be genetically eliminated while, insofar as the 
deaths occur in heterozygotes, through some dominance of the mutations, or in 
hemizygotes, through the action of sex-linked genes in males, twice this num- 
ber, or 1 in 10, must suffer genetic death. (This is of course on the assumption 
that the genetic causes of death act, in preponderant measure, independently 
of one another.) 

Before attempting to draw further conclusions from the figure we = 5% 
which we have just arrived at, it may be well to check it by a second method, 
even though this is subject to greater error than the one used above. This second 
method makes use of the relation u, = Ji. The most reliable estimates thus far 
made of /, the total number of loci, in terms of the number of genes of a com- 
plete X-chromosome-containing Drosophila gamete (Muller, 1935), agree on a 
minimum of 5,000 to 10,000 genes. (This would make 4,800 to 9,600 as the aver- 
age for all functioning gametes, including both those which do and those which do 
not contain an X; the correction for the sex chromosomes is so much less than 
the range of error it is not worth our while to make it here.) Now the average 
spontaneous mutation rate per individual locus, j, has hitherto been a matter 
of considerable uncertainty. However, during the past two years it has been 
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found in our laboratory, in work participated in by the present writer, J. I. 
Valencia, and R. M. Valencia (1949), that for a sample of 9 loci giving visible 
mutations the usual frequency of changes affecting the characters in question 
is probably 1 in about 100,000 gametes, with the great majority of the loci 
falling into a comparatively narrow range about this value. If now we take 
this as the average and multiply 1 in 100,000, the ~ per locus, by the number 
of genes, /, taking this only as the lower minimum, 5,000, we obtain a fre- 
quency of 1 gene mutation in some locus or other among 20 gametes. Although 
this result is practically identical with that obtained by our previous method 
the two calculations were quite independently made and the closeness of fit 
found was entirely unexpected. 

The above remarkable agreement must of course be accidental to some 
extent. There may in fact have been twice as many genes as the 5,000 assumed 
on our second method, and, if so, we should have obtained a value for yp; of 1 
in 10 instead of 1 in 20. Such a value, however, would be readily reconcilable 
with the 1 in 20 found by the first method, by making the assumption that, in 
the experiments on the frequency of detrimentals, there had been as many 
mutations of too slight a grade of detriment to have been detected as of those 
whose existence had been demonstrated. At any rate, we may feel, through the 
check provided by the second method, fairly confident of our figure of 1 in 20 
as representing a minimum value.’ This shows us that, in Drosophila at any 
rate, the spontaneous occurrence of mutation in some gene or other is not at all 
a rare event. 


7. On the total frequency of mutation in man. 


To what extent may we conclude that in man also mutation is a not un- 
common occurrence? Man is so remote from Drosophila that we may not, 
without cogent supporting evidence, carry over any quantitative genetic con- 
clusions from the one organism to the other.’ Moreover, it is obvious that no 
mammal at the present time presents data which could be used for a calcula- 
tion of total mutation frequency by means of the first of the two methods out- 
lined above. Fortunately, however, there are already some results, previously 
referred to, which can be used in connection with the second method. 

As was mentioned on page 119, the values for mutation frequency so 
far obtained for individual loci in man are in the neighborhood of 1 in 50,000 
per generation, or about twice as high as what appears usual for Drosophila. 
Although there may have been more likelihood of studying those genes in man 


* The same figure was arrived at by Haldane (1937, op. cit.) using the first method of calculation 
and basing it on Drosophila data known to him at that time; some of the data used involved rather 
large deviations, but it happens that these were such as virtually to cancel one another. 

© It was pointed out by the present writer and Altenburg (1919) that the human mutation rate, 
expressed as a time rate, must be far lower than that found by them in Drosophila. 
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in which mutations occurred oftener, still it would seem strange if the per- 
locus mutation frequency in man were not higher than in Drosophila. In this 
connection the fact may come to mind that a human generation lasts about 
700 times as long as a Drosophila generation and therefore affords far more 
time for the accumulation of mutations. This consideration, to be sure, loses 
much of its force in view of the evidence (Muller, 1946, and unpublished data) 
that the occurrence of most mutations, even in Drosophila, is concentrated into 
one or more very restricted periods in the germ cycle. But, despite this stric- 
ture, the fact remains that the human germ cell lineage includes two or more 
times as many cell divisions as that of Drosophila, and this is a feature which 
is probably much more closely connected with mutation frequency than is 
mere time. So also is the temperature which, averaging considerably higher in 
the human than in the fly, should tend to give the human a higher mutation 
frequency. 

We should expect these influences to be counteracted to some extent by a 
correspondingly greater pressure of selection in man as compared with the fly, 
for such genes as would tend to lower the mutation rate. But it is very unlikely 
that such genetic compensation would be complete. One reason for this is that 
there is probably a lesser efficiency of selection in man against mutant genes 
that raise the mutation rate (or, conversely, in favor of those that lower it). 
This lesser efficiency would be caused, first, by the much greater uniformity in 
the rate of reproduction of different individuals in human than in fly popula- 
tions, connected with the production of far fewer eggs by the human. A more 
uniform rate of reproduction will result in a weaker correlation between the 
possession, by descendants, of any gene that had increased the mutation rate, 
and the manifestation, by these same descendants, of the harmful mutational 
effects of this gene; thus selection against such a gene would be weakened. A 
further factor making for the decreased efficiency of such selection is the smaller 
size of the X-chromosome (and especially of its differential region), relative to 
the other chromosomes, in man than in Drosophila (cf. Muller, 1942). 

It would also be strange if man did not have more genes than Drosophila, or 
at least a greater sum total of gene parts that could separately get out of order 
(by mutations of seemingly non-allelic nature), in view of man’s undoubtedly 
greater complexity of both gross and, more especially, histological structure. 
The larger total bulk of the germinal chromatin of all mammals, as seen even 
in sperm, which are surely selected for smallness and compactness, and the 
correspondingly greater frequency with which chromosome breaks are induced 
by radiation in mammalian sperm as compared with those of Drosophila, are 
much less secure arguments, yet they point in the same direction. All in all, 
then, we are probably erring very much on the side of “caution” if we assume 
that the human gamete contains only 5,000 genes (or gene parts) capable of 
separate (non-allelically expressed) mutations. 
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If now we take the figure of 1 in 50,000 as representing 4, the average muta- 
tion frequency per locus, and only 5,000 as /, the number of loci, we find a total 
mutation frequency, /@ or ur, of 1 in 10 gametes in man. Although this result, 
ut = 0.1, admittedly represents a low minimum estimate, yet it is double the 
minimum estimate which we obtained for Drosophila, and it is probably a good 
deal higher than has commonly been imagined. 

Taking 0.1 as the lowest value of u; which is at all likely, it is also of interest 
to obtain some idea of how much higher the actual value might be. We might 
for instance have taken 10,000 instead of 5,000 as the number of loci in Dro- 
sophila, and then supposed that man had, in effect, twice as many loci as 
Drosophila has. With @ for man at 1 in 50,000 this would give a value of 
= OD or 0.4, for uz. We shall see later (p. 138) that there are other reasons for 
concluding that the mutation rate in man cannot be much higher than this. 


8. The effective dominance of “‘recessives” in Drosophila. 


We have seen that the rate of genetic elimination of individuals in a popula- 
tion is a function not only of 4; but also of a factor d, which depends upon the 
degree of dominance of mutant genes and varies between the limits 2 (for the 
more dominant) and 1 (for complete recessives). We may now inquire into the 
probable value of this factor, considering first the evidence from Drosophila. 

At first sight, the answer to our present problem seems easy, since it has 
been known for over thirty years (cf. Muller, 1918, pp. 466-7; and 1923) that 
in Drosophila, and probably in organisms in general, the great majority of mu- 
tant genes are recessive, in the sense of having much less dominance than the 
normal genes from which they arise. However, as has been pointed out ‘by 
various persons (e.g. Muller, 1940, p. 252; Dobzhansky & Wright, 1941; Berg, 
1942), this knowledge is not precise enough. For a little consideration shows 
that even a very slight degree of dominance of the mutants will be of pre- 
ponderant importance, by leading to the elimination of the genes in heterozy- 
gotes before they have a chance to become homozygous. And a number of 
reasons were already given in the Mechanism of Mendelian Heredity in 1915, 
indicating that the recessivity of the so-called recessives is not really complete. 

Since the early studies of several mutants of Drosophila (vestigial, miniature, 
white eye, black body, etc.) giving this result, a significant series of facts 
pointing clearly in the same direction has emerged. One is the finding that in 
Drosophila the heterozygous deficiency of even a comparatively short section 
of a chromosome, probably containing only some tens of genes, is somewhat 
detrimental, while that of a somewhat longer section is quite lethal. Moreover, 
even duplications of chromosome sections have effects of this sort, although, as 
expected, in somewhat lesser degree. 

Another clear line of evidence in the same direction lies in the phenomenon 
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called ‘dosage compensation.” This refers to the fact that most sex-linked 
genes tested have been found to be provided with a series of modifying genes, 
called compensators, located elsewhere in the X-chromosome. For, when we 
study mutant alleles of these sex-linked genes, it is found that the naturally 
existing sex difference in dosage of these other parts of the X-chromosome 
renders the effectiveness of the single dose of the given mutant gene which the 
male has almost exactly as great as that of the two doses which the female has. 
Nevertheless, it is usually impossible to detect, by superficial observation, any 
difference between the effects of 1 and 2 doses of the normal allele, even when 
the compensators are held constant. That is, outwardly, the ‘“dominance”’ of 
the normal gene over its absence or over its recessive mutant allele appears 
complete. Yet, despite this, the effect of a single dose of the normal gene, un- 
compensated, must be sufficiently different from that of the homozygous nor- 
mal to have influenced the organism’s survival adversely to a significant de- 
gree, for otherwise the system of compensators would not have been evolved. 
Now since the individual heterozygous for a hypomorphic mutant is often 
much like one having but one dose of the normal gene, uncompensated, we 
must conclude that the dominance of the normal gene, though sufficient to 
give a superficially normal phenotype, is often incomplete enough to be effec- 
tive in lowering the expectation of life or reproduction of the heterozygote. A 
more extended treatment of this matter (Muller, 1950a) has brought forward 
various further facts in support of this interpretation. 

Finally, direct tests of the possible dominance of lethal or nearly lethal mu- 
tants have been made or published during the past two years, which clinch the 
matter for Drosophila. There are two sets of data. In the first place, Stern and 
Novitski (1948) showed that a series of 33 sex-linked lethals, most of them (26) 
produced by X-raying Drosophila spermatozoa, caused when heterozygous an 
undoubtedly significant lowering of viability. One may reckon from their data 
that the average disadvantage of the heterozygote in their material is some 
10% (a result which would imply, for lethals, a 10% grade of dominance). 

Independently of the above work, and before it was published, the present 
writer, in collaboration with Mr. S. L. Campbell, had started some very similar 
work, utilizing however autosomal lethals and near-lethals that had been in- 
duced in our laboratory by Meyer and Edmondson (see Meyer, Edmondson, 
L. Altenburg & Muller, 1949) by means of ultraviolet acting upon primordial 
germ cells in an interphase (polar cap) stage.'! Thirteen lethals and sublethals 
were studied, as well as 13 cases of untreated non-lethal chromosomes, to serve 
as controls. Lethals induced by X-rays in spermatozoa were purposely avoided 
because of the fact that some 30% of these are deficiencies, involving the more 

The work referred to in the above paragraph and that following it was supported by a grant 


from the U. S. Public Health Service, Division of Research Grants and Fellowships, given on recom- 
mendation of the National Cancer Council. 
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or less cumulative action of an indeterminate number of genes. The ultraviolet 
lethals, on the other hand, particularly when induced in the extended chromo- 
somes of interphase, would in great majority be one-locus gene mutations, like 
spontaneous ones. Moreover, tests of some not quite lethal genes also were 
desired, since in the case of complete lethals one can never know just how 
drastic the homozygous effect really is and so one cannot adequately assess 
the significance of a certain degree of heterozygous effect in its relation to the 
homozygous effect. Finally, autosomal mutants were preferred to sex-linked 
ones because of the fact that the degree of detriment shown by females hetero- 
zygous for sex-linked genes would depend very largely upon the exactitude of 
the dosage compensation which the given loci had attained and upon related 
selective factors, difficult to assess, whereas this complication does not exist 
with the autosomal mutants. The genetic methods used were also very different 
from those of Stern and Novitski. 

Our results, obtained in 1948-49 but only now ready for publication, show a 
distinct departure from complete recessiveness on the part of both the com- 
plete and the partial lethals. In our experiments the grade of dominance of both 
these classes of mutants averages about 4.5%. However, it is only safe to say 
that the dominance probably lies between 3 and 6% and very probably between 
2 and 7%. Stupendous counts would be needed to attain greater exactitude 
than this. 

We have calculated that the difference in average dominance values between 
the two sets of experiments (Stern and Novitski’s and our own) is statistically 
significant and is of the magnitude to be expected in view of the probable 
difference in frequency of deficiencies. However, it can also be shown that 
Stern and Novitski’s practice of not including, in their total count of hetero- 
zygous lethals versus homozygous normals, individuals which when tested gave 
cultures below a certain size, was another factor that may have lowered the 
apparent frequency of the heterozygotes and thus raised the apparent degree 
of dominance appreciably. For the lethal-bearing individuals (the heterozy- 
gotes) must have given smaller average counts in the given type of test and 
must therefore have been excluded in greater abundance. To what extent 
lethals in the X may be taken as representative in regard to dominance is, as 
above remarked, another very problematical question. In view of all these 
considerations then, as well as considerations of the sizes of the purely statisti- 
cal errors in the two series of observations, we feel that the earlier data, al- 
though based on more genes, should not be regarded as throwing doubt on the 
quantitative aspects of our own conclusions. That is, it may be regarded as 
very unlikely that the average degree of dominance of autosomal lethal and 
near-lethal gene mutations in Drosophila lies outside the range 2 to 7%. 

Let us next assess what this degree of dominance would mean in terms of our 
factor d, used in determining the equilibrium rate of elimination of individuals 
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from the population. It can very readily be made clear by means of approxima- 
tion methods that, in a population breeding with the degree of randomness of 
a human one, an apparently recessive lethal with a dominance of only 2%, even 
if it had a mutation frequency as high as 1 in 50,000, would produce most of its 
genetically killing and damaging action on heterozygotes. For the selective 
disadvantage of 2% in the heterozygote, or 1 in 50, would on the average allow 
the gene to pass down only through 50 generations of heterozygous individuals, 
supposing that it remained heterozygous all that time, as it usually would. 
Moreover, the very rare occasions when it did become homozygous would 
cause its average persistence, p, to be somewhat less even than 50. Thus the 
equilibrium frequency of the gene in the germ cells of the population would be 
somewhat less than 50 times its mutation rate, and, if we take its u as being 
1 in 50,000, its equilibrium frequency would be somewhat below 1 in 1,000. 
With purely random breeding a given mutant gene of this type would there- 
fore have a chance, in any one generation, of somewhat less than 1 in 1,000 
of meeting another gene like itself in fertilization and so becoming eliminated 
in a homozygote. This chance is so much lower than the chance of 1 in 50, for 
it to become eliminated in any generation in which it is heterozygous, that it is 
evident that even the 2% degree of dominance here assumed leads to an 
amount of elimination and damage of heterozygotes far outweighing that of 
homozygotes. 

We have in the above ignored the effect of inbreeding. In man there would 
usually be another chance, approaching 1 in 1,000 fertilizations in urban dis- 
tricts or 1 in some hundreds in small, long-isolated rural or primitive com- 
munities, for a mutant gene of the given kind to become homozygous through 
inbreeding of a near or remote nature. Yet, since the chance of elimination in 
any heterozygote would always remain 1 in 50 for such a gene, we may never- 
theless conclude that its chief action in causing elimination of individuals must 
be exerted through the slight manifestation which it attains in heterozygotes. 

The mutant gene of 2% dominance would also wreak much the greater part 
of its damage short of death in heterozygotes, because the number of deaths 
serves as a kind of index to the total damage or risk. The individual hetero- 
zygote would, to be sure, be far less affected, on the whole, than the individual 
homozygote, but there would be so many more of the heterozygotes as to 
much more than compensate, in the production of the total damage, for their 
individually lesser degree of impairment. 


9. Dominance in man. 


There are a number of considerations and lines of evidence leading towards 
the conclusion that the degree of dominance of mutant genes in man is, on the 
whole, at least as high as in Drosophila. These may now be examined. 

In the first place, there are good grounds for inferring that the dominance of 
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mutant genes has arisen through a selective process. Whether this selection has 
mainly occurred, as inferred by Fisher (1928a, b, 1930), by virtue of the advan- 
tage that the dominance of the normal gene confers on the heterozygotes them- 
selves or, as both the present writer (1932, 1935, 1950a, c) and Plunkett (1932, 
1933) later argued, by reason of its stabilization of the phenotype of the 
homozygous normal in the presence of disturbing environmental and genetic 
influences in general, the process must be one which only approaches but does 
not actually attain completion. Thus it would leave a certain degree of domi- 
nance to the mutant gene. The incompleteness of the process must be caused, 
among other things, by the physico-chemical improbability of reaching an 
absolute maximum of gene effectiveness, and by biological impairments en- 
tailed by interference with other processes as such a maximum is approached. 
It must be caused, further, by mutation pressure tending towards lower levels 
of gene effectiveness. Another factor must be the occurrence of evolutionary 
changes in the optimum. And finally, the attainment of perfect precision of 
dominance would be obstructed by the particulateness or what might be called 
the “graininess,” the ultimately quantized nature, of the processes of mutation, 
selection and evolution in general. 

Now there is no evident reason why the effectiveness of any of the above 
factors should be less in man or mammals than in Drosophila. In fact, as 
Levit (1936) has pointed out, the far greater ability of the higher forms, and 
more especially man, to adapt themselves by behavioral means to new and un- 
favorable conditions, and thus better to compensate for ailments even when 
they are of genetic origin, should tend, on any selectionist conception of domi- 
nance, to make the dominance of normals less complete in man than in Dro- 
sophila. We may add to this argument that the factors of mutation pressure, 
recency of change in optima, and graininess, should all be more potent in man 
than in Drosophila, in view (1) of man’s higher mutation rate, (2) his greater 
amount of evolution and consequent destabilization in recent times, and (3) 
the relatively small number of human individuals that exist either in space 
(due to their size) or in time (due to their length of generation). 

Evidence was presented by Levit in 1934 to 1936, in several memorable 
papers summarizing the results of a series of investigations by himself and his 
co-workers, and critically surveying the literature, that recessive abnormalities 
in man are much rarer, in comparison with dominant ones, than had till then 
been believed. In these papers, which appeared on the eve of the abolition of 
his institute and his own “‘liquidation,” he showed that a series of eight different 
hereditary diseases studied intensively by his group, some of which, such as a 
prevalent form of diabetes mellitus, had previously been taken for recessives, 
were all of them in reality dominants. What had been deceptive about them 
was that they appeared to skip generations but this was shown to be because 
of their “incomplete penetrance”’ (usually below 20%). It would be better to 
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say that they commonly remained at such a low level of expression that they 
could not readily be detected, for in some cases they could be revealed by more 
refined means (e.g. by blood sugar determinations in the case of diabetes 
mellitus). 

However, as Levit further pointed out, these dominants should only be 
called ‘“‘conditional dominants.” For the rare homozygous mutant, when 
known, might be much more extreme than the heterozygous one, as had been 
proved for a number of genes. In fact, if they had occurred in Drosophila, many 
of these cases would not have been noticed as being abnormal at all when 
heterozygous, and yet, by reason of the inbreeding so often used in laboratory 
work with this organism, they would have been picked up in the extreme form, 
as homozygotes, and hence would have been called recessive visible mutations 
or recessive lethals, as the case might be. Thus there is no reason to believe 
that these conditional dominants in man usually depart from the principle 
that the normal gene has the greater dominance, but they do indicate that 
despite this the mutant often has a significant amount of dominance. 

The evidence that the above relations hold for most mutant genes in man was 
greatly strengthened by Levit’s systematic analysis of the literature on in- 
herited diseases of the skin, eye and nervous system. He showed that of 55 
different cases as many as 41, that is, approximately three-quarters, had some 
demonstrable degree of dominance, and that the great majority of obviously 
affected individuals in these 41 cases were heterozygotes. The evidence for 
dominant inheritance was derived from studies (1) of the frequency with which 
the afiected individuals were the products of inbreeding and (2) of the relative 
frequencies with which different types of relatives of the affected individuals 
were themselves affected. 

Proceeding to a study of the literature on sex-linked mutant genes, which 
had been considered to furnish particularly good evidence of the prevalence of 
complete recessiveness, Levit was able to show that in only a very small pro- 
portion of cases had this conclusion been well founded. In 24 of the 36 cases 
reviewed the evidence was found to be insufficient even to classify these genes 
as sex-linked rather than, for instance, sex-influenced autosomal dominants, 
while among the 12 cases which could be safely accepted as sex-linked, there 
were 3 for which the evidence was insufficient to allow conclusions concerning 
dominance to be drawn. In the residuum of 9 cases, only 2 turned out to be 
recessive (as judged by the tests then in use), the other 7 all having some de- 
tectable degree of expression in the heterozygous female. 

Despite the above momentous findings, which have received insufficient 
attention, there are, all told, not a few apparently recessive abnormalities now 
established in man, i.e. abnormalities caused by homozygosity of a gene whose 
effect in the heterozygote has so far failed of detection. Moreover, the ratio of 
such “recessives” to the “dominants’” found would undoubtedly have been a 
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good deal higher, and more nearly like that observed in Drosophila, if the 
circumstances of finding them had, as in Drosophila, involved more inbreeding, 
and less detailed phenotypic observation. Yet, even conceding this, the very 
fact that these circumstances of breeding and of observation have resulted in a 
much lower apparent ratio of recessives to dominants in man appears to lead 
to the conclusion that the apparent recessives in man, if not actually less fre- 
quent than in Drosophila, have, on the whole, enough dominance to affect 
their chances of survival significantly in the heterozygous condition (and/or to 
produce an observable effect on the phenotype of the heterozygous individual). 
For a permanently low degree of inbreeding cannot result in a lower equilib- 
rium frequency of appearance of homozygous “recessives” in any population 
unless the frequency of these ‘“‘recessive”’ genes has been kept at a low level by 
means of a selection that was effective against them even when they were 
heterozygous. This would imply that they were “effectively dominant,” in the 
sense previously explained. 

The above argument must be qualified by the consideration (Haldane, 
1939b) that in recent generations the amount of inbreeding in man has been 
reduced to a level even lower than in earlier times. This change in the system 
of breeding (not the low degree of inbreeding in itself) must reduce the fre- 
quency of homozygous recessives in the present population below the equilib- 
rium value. However, this influence turns out, on calculation, to be far from 
sufficient, by itself, to explain the shortage of recessives found in man_as com- 
pared with Drosophila. This is the more true in consideration of the circum- 
stance that some of the best studied groups in man in which dominants have 
been found have been long settled peasant populations. Moreover, the studies 
of Bell (1940) on the consanguinity of parents of hospitalized patients did not 
yield as much evidence of the importance of this factor in morbidity as was to 
be expected on the view that homozygosity plays a major role in the causation 
of genetic damage. Similarly, the studies of Bedichek and Haldane (1938), so 
far as they went, gave no ground for assuming that recessive lethals occur as 
frequently as might be expected if their origination by mutation were only as 
high, per generation, as in Drosophila, and if they were eliminated only as 
homozygous recessives. 

In further evidence of the conclusions that the great majority of mutant 
genes in man have a significant degree of dominance, attention should be drawn 
to the important series of facts brought together by Neel in his address to the 
American Society of Human Genetics in September, 1948 and published in the 
first number of this journal (1949). In this paper it was shown that, as those 
abnormalities of man which are actually known in homozygous state and which 
appear to be recessive have become subjected to intensive study by the more 
delicate modern methods, more and more of them, such as thalassemia, sickle 
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cell anemia, epilepsy, etc., have been demonstrated to leave distinct traces of 
their effect on the heterozygote. 

In this connection, however, a difficulty arises for the supposition that the 
effect in the heterozygote is sufficiently detrimental to cause a selection against 
the gene. For a few of these superficially recessive conditions, of undoubtedly 
detrimental nature when homozygous, have proved to have so high a fre- 
quency in certain populations as to appear to require either an inordinately 
high mutation frequency or a slightly advantageous action when heterozygous, 
as compared with homozygous normals. Among these are thalassemia major in 
Mediterranean countries, sickle anemia in Africa and amaurotic idiocy in 
Sweden. As the interpretation of positive selection of heterozygotes seems more 
probable, the question arises as to how common this type of effect, sometimes 
referred to as ‘‘overdominance,” may be. For, if abundant, it would work in 
direct opposition to the effects of ordinary dominance which have been con- 
sidered above, and would seriously disturb our main calculations. 

In regard to this question, it may in the first place be remarked that such 
cases of the phenomenon as do exist would, in consequence of the effect on 
frequency which they involve, become unduly conspicuous, and would thereby 
tend to give the impression of having originated more frequently than was 
actually the case. Secondly, it should be recalled that the above mentioned 
tests of recessive lethal and deleterious genes, both by Stern and Novitski and 
by the author and Campbell, gave definite evidence that, in Drosophila at any 
rate, the great majority of genes harmful to the homozygote, when picked up 
as mutants soon after their origination, are in fact disadvantageous to the 
heterozygote also. The same conclusion is to be drawn from the gene dosage 
and dosage compensation studies. There are, to be sure, contrary claims in 
Drosophila (Masing, 1938, 1939; Dubinin, 1946), as well as in some plant mate- 
rial, but careful scrutiny of the published reports indicates that in these cases 
adequate precautions were not taken to avoid complications due to ordinary 
heterosis. That is, the homozygous “normals” studied are likely to have been 
homozygous at the same time for more invisible detrimental genes than were 
those individuals which were heterozygous for the primary gene in question. 

Looking at the matter from a more theoretical standpoint, it is to be expected 
that, despite occasional cases of mutant genes which happen, under certain 
conditions at any rate, to give the heterozygote a net advantage over both the 
normal and the homozygous mutant, the general run of mutant genes would 
give a detrimental effect in the heterozygote, similar to but lesser than that 
shown in the homozygote. That is, the heterozygote would tend to deviate from 
normal in the same direction as the homozygote, and the grade of detriment 
would tend to be proportional to the amount of this deviation. To suppose 
otherwise would involve the postulate that a deviant of minor degree is very 
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often better adapted than the normal type. This is improbable except in the 
case of characters that are still becoming adapted to a condition which is new 
for the species, in terms of evolutionary time, or, what is much the same thing, 
to a condition that is local in its incidence on the species. For, except in special 
cases of balanced polymorphic types, any given character tends to become 
stabilized at a normal value that is optimal for the long-term conditions, so 
that only the very rare mutant, even if small in its homozygous effect, will suc- 
ceed in being advantageous at all. And where, along the evolutionary track, 
some mutant gene did arise which was advantageous in its heterozygous degree 
of expression but deleterious homozygously, that gene, though temporarily 
multiplied as a make-shift arrangement, would usually have become replaced, 
after a while, by mutant genes of less deviant expression, occupying the same 
or other loci, which gave an equivalent advantage when they were present 
homozygously. For such genes would make possible a more uniform, and there- 
fore (when all individuals were averaged) a closer approach to the adaptational 
optimum. 

The reservation must of course be admitted that in civilized mankind the 
conditions of living have become so consistently transformed as to make many 
old optima out-of-date, thus opening the way for relatively many deviations 
formerly damaging to be advantageous. This makes it more likely now than in 
times past for some mutant genes of man which are still so extreme as to be 
detrimental when homozygous to be somewhat beneficial in their heterozygous 
expression. Nevertheless, even now such mutations must be far less frequent in 
origination than are those which are detrimental both to the homozygote and 
(roughly in proportion to their degree of expression in him) to the heterozygote. 
For there must always be many more disadvantageous kinds of change than 
advantageous ones, especially in a very highly organized system. And even 
when the system has become somewhat maladjusted in relation to its sur- 
roundings its complicated internal inter-adjustments would still cause the 
great majority of its individually taken blind steps of alteration, even those of 
slight degree, to result in its less harmonious operation. We may therefore, in 
view of all the above considerations, regard the great majority of mutant genes, 
even in man of today, as having a detrimental effect not only homozygously 
but also heterozygously, insofar as they manifest themselves at all in hetero- 
zygotes. Moreover, there are, as we have seen, cogent reasons for concluding 
that they do usually have a significant degree of heterozygous manifestation 
in man, probably at least as much as in Drosophila. 


10. The effectiveness of dominance for slightly detrimental genes. 


We have seen that where the degree of dominance of a lethal or near lethal 
gene is 2% or greater, as is usually true in Drosophila, the factor d of the ex- 
pression » = du may be taken as nearly equal to 2, and similarly we may 
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take f = 2p, just as if dominance were complete. That is, such genes would 
be “effectively dominant” even if their measured degree of dominance were as 
low as 2%. Most mutant genes, however, are not lethal or nearly lethal when 
homozygous but exert a lesser amount of detrimental action. And the mathe- 
matical relations are such that, given the same degree of dominance, a less 
detrimental gene has a lower value of d than does a more detrimental one. It 
will therefore be necessary to give some attention to this point, in order to find 
out whether it needs to be taken into account, when expressions involving d 
are used for ascertaining frequencies of elimination and amount of damage in 
human populations. 

The reason that less detrimental genes of a given grade of dominance attain 
a lower “effective dominance”’ in the population (i.e. a lower d), is because their 
higher persistence () leads to a higher equilibrium frequency (f), and there- 
fore to a higher ratio of homozygotes to heterozygotes in the population (ac- 
cording to the Hardy-Weinberg formula, either modified or not modified by 
inbreeding) than in the case of genes which are more detrimental when homo- 
zygous but have the same grade of dominance. However, we have calculated 
that, for genes with a dominance of only 2%, the value for t,o, the degree of 
impairment caused in the homozygote, has to sink to as low as about 5% (sur- 
vival value, sho, 95%) before the elimination and the damage done to a large 
panmictic population in homozygotes becomes greater than that in heterozy- 
gotes. And with a dominance as high as 5%, the homozygous impairment, ipo, 
would have to be as low as 1% (survival of homozygote 99%), before the 
homozygous equalled the heterozygous damage. For more general formulae 
dealing with these relations the reader may be referred to the paper now in 
press by the present writer and S. L. Campbell, previously referred to. 

It is however very likely that the dominance would be even higher than 5% 
for most genes so slightly detrimental (i,. < 1%). For, on any selectionist inter- 
pretation of dominance, those normal genes whose mutations give only slightly 
detrimental effects would have undergone proportionately less selection for 
high potency on the part of the normal gene. Thus the mutant genes with less 
extreme effects, except when alleles of those with strong effects of the same 
kind, and also (though not so markedly, because of developmental correlation) 
the less extreme aspects of pleiotropic mutants, would tend to show even more 
dominance than that found for lethals and near-lethals. Dobzhansky’s striking 
findings (1927) of the greater dominance of a whole series of mutations of 
Drosophila in respect to their slight, hidden effects on spermathecal shape than 
in respect to their conspicuous effects on pigmentation or other external char- 
acters, is an illustration of this principle in Drosophila. So too are the findings 
of a noteworthy degree of dominance on the part of many genes with effects 
so slight that they act perceptibly only as “specific modifers” of other mutants, 
less stable than the normal type, such as Beaded, Truncate, Bar, eosin, etc. 
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We are thus led to the conclusion that the great majority of mutant genes, 
even of those exerting only a slight degree of homozygous impairment, 7,., are 
“effectively dominant.’ That is, d may in practice be taken as nearly 2 for 
mutations in general. 


11. Minimum and maximum values for selective elimination in man. 


Returning now to the question of the equilibrium frequency of selective 
elimination of individuals in man, we shall substitute 2 for d in the expression 
du,. Then, taking the minimum or “most conservative”’ value, 1 in 10, or 0.1, 
for the total mutation rate, we find the rate of elimination of individuals (or 
m:, the rate of appearance of new cases) to be at least 1 in 5, or 0.2, as thus 
reckoned. There should however be some allowance here for ‘‘overlapping”’ of 
the incidence of elimination since we are now dealing with values above 0.1 
(see p. 121, including footnote 6) and this would make the real value slightly 
smaller than 0.2 (about 0.182 on a random distribution). 

It is interesting to note that the maximum possible value for eliminated 
individuals could not be more than about five times this minimum. That is, 
it could hardly be above 1.0 as reckoned by the approximation method (that 
in which correction is not made for overlapping). The figure 1 as so reckoned 
would really mean an average of 1 “occasion” for genetic extinction per in- 
dividual, but the occasions would of course be distributed pretty much at 
random instead of being a constant of 1 per individual and there would there- 
fore be some individuals who escaped elimination. Reference to the Poisson 
tables shows that in a random distribution averaging 1 per individual slightly 
over a third (.37) of the individuals would escape genetic extinction, nearly 
two-thirds (.63) being eliminated. But the rate of multiplication of mankind 
is surely not great enough, considering the high pressure of extrinsic causes of 
death (including infanticide) in the less civilized communities and the arti- 
ficially low birth rate in the more civilized, and even in some primitive ones, 
to make it possible for even fewer than a selected third of that already reduced 
portion of the population which has escaped ‘‘accidental’’ death or sterilization 
to reproduce all of the next generation with undiminished population size. 
For this would require the selected fraction to much more than triple their own 
numbers in each generation. It is for this reason that we conclude that a value 
of 1.0 for the expression du, must be a maximum. 

If now we assume the above maximum to be the actual value for the ire- 
quency of elimination of mutant characters, letting du, = 1, and if we then 
substitute 2 for d, we obtain 2u, = 1; that is, uw. = 0.5. It will be seen that this 
value for yw, is only slightly higher than that, 0.4, which was proposed as 4 
“high” possibility on p. 128. Thus it seems very likely that the total mutation 
rate in man lies somewhere within the range between 0.1 and 0.5. In corre- 
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spondence with this, the average frequency of newly arisen mutant characters 
(manifestations) per individual, m., would be between 0.2 and 1.0, and the 
extinction frequency at equilibrium would be not very different from this. 

It will be a matter of the greatest importance, in the future, to obtain 
evidence which will make it possible to ascertain the values in question more 
exactly. For they are in any case so high as to be near the “critical level’ for 
the species (see p. 155), a level in the neighborhood of which slight differences 
in these rates may tip the scales of biological consequences very far in one 
direction or the other. 


12. The incidence of mutational impairment in man. 


The values above arrived at are concerned with mutations on their first and 
last appearances only. The figure for f,, the total frequency of manifestation 
of genetic impairments at equilibrium, must of course be much higher still. 
An estimate of it may be obtained by means of the simple approximation f, = 
2u.p. As we saw in section 5, # represents the average persistence, and the use 
of the coefiicient 2 is even more justifiable here than in the expression 2y; for 
last appearances.’ The formula probably gives a minimum value for f, because 
a positive correlation between the values of uw and for the individual loci 
would cause the true value of 22(up) to be somewhat higher." 

In order to apply the above formula it is necessary first to arrive at a reason- 
able, or at least a conservative, estimate of the average persistence. Assuming 
the mutants to be effectively doininant, the persistence of each mutant will be 
determined almost entirely by the amount of impairment caused in the hetero- 
zygote, being the reciprocal of the latter, and this heterozygous impairment 
will be the product of 7, the homozygous impairment, by the per cent of 
dominance. Thus the higher the dominance the lower the persistence and we 
shall get a conservative (low) value for p by assuming the average dominance 
to be relatively high. Taking the dominance as 5% we find that, for each gene, 

1 20 
.05 ino ino 


p= 


® Theoretically, it would be well to limit application of this expression to mutant genes having a 
persistence below, say, 1,000 or 10,000, or at any rate below the range in which elimination is so 
small, in relation to the pressures of mutation, drift and other accidental causes of differential multi- 
plication, that the tendencies to equilibrium would cease to be effective. Practically, we are far from 
having enough knowledge of these factors and of the frequency-distribution for i to enable us to say 
just where such a line should be drawn, or to assess the amount of its effect, if drawn at one or 
another level, on the calculated f; value. Nevertheless, because of the high frequencies which genes 
of such slight degrees of detriment attain, the value of f, must be very greatly influenced by the 
precise level at which the line is regarded as being drawn. We have tried to stay on the ultraconserva- 
tive side by disregarding genes with grades of detriment (ino) below about 10%, and supposing that 
there is no rise in frequency of origination of genes as the very slight grades of detriment are ap- 
proached. 
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If we now suppose that incompletely lethal and detrimental mutations are 
equally distributed throughout all grades of 7,. from ij. = almost 1.0 (almost 
completely lethal genes) down to i, = 10% (genes with a homozygous survival 
value of 90%), it can readily be reckoned that the p values of all these muta- 
tions taken together would average about 60 generations.'* The complete 
lethals would have p = 20 if their dominance also is assumed to be 5%. As we 
have seen previously they are in flies a fifth as numerous as these detri- 
mentals. When the # values of these two groups are averaged together (weight- 
ing detrimentals five times as heavily as complete lethals to correspond with 
their greater frequency of origination), the combined average for / turns out 
to be about 53 generations. If, as may well be the case, the dominance of genes 
of relatively slight grades of detriment is considerably higher than the 5% here 
assumed, this circumstance would tend to make the average p lower than here 
calculated. On the other hand, we have not included in our present reckoning 
the genes having 7; in the 0 to 10% range. Even if these “‘slight detrimentals” 
had a dominance as high as 50%, and even if we still failed to include in our 
reckoning those with i. lower than 0.1%, nevertheless this group would tend 
to raise the average p considerably, provided there were as many mutations 
in this range as in the other ranges having an equal arithmetic latitude of is.. 

However, studies carried on in Drosophila during the past year by Meyer, 
Edmondson, and the writer’ indicate that in this organism the assumption of 
an equal distribution of detrimental mutations throughout all 7. values (when 
represented on an arithmetic scale) does not hold. Instead, it appears that, fol- 
lowing the high but descending peak formed by complete lethals (7. = 100%) 
and nearly complete lethals (%,. between 98% and 100%), there is a marked 
drop in the frequency of mutations. The mutations studied were induced in an 
autosome (the second chromosome) by ultraviolet light acting on an inter- 
phase stage (in the polar cap). Along with 208 complete lethals there were 20 
mutants found in the range of i. between 98% and 100%, and again only 20 in 
the range of 7. between 90% and 98%, although this range is four times as 
wide as the preceding one. If the rest of the distribution, as far as i,. = 10%, 
had only the same frequency of mutations as in the range between 90% and 
98% there would have been only 240 detrimentals in the entire interval be- 
tween 100% and 10%, to set against the 208 complete lethals found. But since 
we know from other work, previously cited, that the detrimentals in this in- 
terval are in reality several (about 5) times as numerous as the complete lethals 


13 Since the average / is proportional to the average of the reciprocals of ino, that is, to the har- 
monic mean of ipo, it turns out to be much larger than if it could be obtained from the reciprocal of 
the arithmetic mean of ino. 

4 The work referred to in the above paragraph was supported by a grant from the U. S. Public 
Health Service, Division of Research Grants and Fellowships, given on recommendation of the 
National Cancer Council. 
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it is evident that their frequency must, at lower degrees of detriment (lower 
iyo), rise very much above that existing in the 90% to 98% range. The distribu- 
tion of frequencies of 7. therefore forms a bimodal curve with one peak at the 
left origin, lethality (%,. = 100%), and another peak somewhere to the right. 

Little more than this is yet known definitely about the shape of the curve in 
question, important though this genetic question is. However, there are 
grounds, both theoretical and observational, for regarding it as very unlikely 
that the second peak is near the first or that the rise towards it is sharp. Hence 
it is probable that detrimental mutations, instead of having an even distribu- 
tion with respect to values of z,., form a curve which, except for its peak of 
near-lethals at the left end, is massively skewed towards the right, with its 
mean at a value of 4. significantly beyond the middle (0.5). If this is true, it 
would have the effect of making the average value of p a good deal higher than 
the above estimate, 53 generations, which we reached by assuming an equal 
distribution of detrimental mutants among all values of i. down to 10%. 

Despite the above considerations indicating that p probably has a value a 
good deal higher than 50, we have decided, in the interests of caution, to assume 
for purposes of our discussion that it is only 40. This is the value which would 
obtain if all mutant genes exerted a homozygous detrimental action, tno, of 
50%, exactly in the middle of the range of possibilities, or if the harmonic 
mean of 7,0 were 50%, and if at the same time the average dominance were 5%. 
In the author’s opinion the harmonic mean of i. is probably much less than 
50% but on the other hand the dominance may average much more than 5% 
in man, especially when the lesser detrimentals are considered, and there may 
be a considerable negative correlation between 7. and dominance which also 
would tend to reduce p. There is, it should be realized, such a lamentable 
paucity of numerical data for human beings, or for any vertebrates, of a type 
which would throw light on the actual values of these factors, that we cannot 
feel too secure in regarding even 40 as a lower limit for p. It is to be hoped, 
however, that a discussion of the implications of a presumptive set of values 
will point up the importance of the quantitative problems at issue. Hitherto 
there has been far too little awareness of the existence—let alone of the theo- 
retical and practical significance—of these problems as actual subjects of 
numerical inquiry. Moreover, the very fact that the attack on them will be so 
difficult and laborious makes it the more desirable for them to be visualized as 
clearly as possible. 

If now we substitute 40 for # in our equation f; = 2u:p, and at the same time 
take the most conservative estimate of wu: for man, namely 0.1, we find f, = 
2 X 0.1 X 40, an expression which reduces to 8. This would mean that each 
individual, on the average, carries 8 slightly dominant, detrimental mutant 
genes in heterozygous condition. The numbers of individuals carrying different 
numbers of these genes would then tend to form a Poisson series, having 8 as 
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its average. On the whole, those individuals who died the genetic deaths would 
simply be that fifth of them who, on the whole, carried a more detrimental 
assortment of these genes, and they would average only about one more detri- 
mental gene per individual than the others. 

In the above reckoning we have purposely left out of account those genes, 
very high in their frequency in the population yet very rare, relatively to the 
others, in their origination, which are of virtual indifference for survival. Al- 
though we would be unable to say at just what level of i, this line should be 
drawn, and it must in fact be a “cline” rather than a line, nevertheless we have 
certainly erred far on the side of caution, by excluding from our reckoning a 
host of genes of slight yet definitely detrimental action (see footnote 12). Like- 
wise we omit from the reckoning those genes which are positively maintained 
by a balanced selection, at a level short of “fixation,” because of the limited 
advantage they confer under special conditions. In such cases the advantage 
maintains the balance by becoming smaller per individual, and finally turning 
into a disadvantage, the more the number of individuals having the character 
rises. It is these two classes of genes, chiefly the relatively indifferent and to a 
lesser degree the balanced, which contribute so largely to the superficial genetic 
polymorphism of any human population, as well as to its polymorphism in such 
cryptic characters as the common blood antigens. 

Now how important are these 8+ detrimental genes to us and what are 
their effects? Each of these genes, at this first approximation, has an average 
selective disadvantage of one-fortieth, or 2.5%. Therefore, the 8 of them, con- 
sidering them as roughly cumulative, or rather, as having synergistic at least 
as often as compensating disadvantages (which would surely be the case on 
the whole), must give an average grade of detriment of about 5 X 8, or }; 
that is, 20% disadvantage. Of course, we could have arrived at this result more 
directly because the figure of 20% average disadvantage is necessarily the same 
as the average chance of genetic extinction of an individual. We now see how- 
ever that, because of the multiplicity of mutant genes per individual, the detri- 
ment and the risk are a good deal more evenly distributed through the popula- 
tion than we might have imagined. Even on this conservative estimate, then, 
most of us have a nearly 20% chance of death or of reproductive inefficacy, 
from genetic causes. Or rather, this would have been true if we had lived under 
those comparatively primitive conditions which until recently prevailed for 
some thousands of years, and to which a rough genetic equilibrium must have 
become established. That is, the average man must be in one way or another, 
all told, at least 20% below the par of the fictitious all-normal man. 


13. How the genetic load is usually felt. 


Some may believe that this much encumbrance, usually divided up among 
so many little shortcomings, must be practically negligible. For example, Hal- 
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dane (1939a) has stated that “we are only concerned with cases where f [the 
survival rate, as here used] lies between... lethality... and... 10% dis- 
advantage. For genes with a value of f very close to unity are practically harm- 
less to the individual, whatever may be their social disutility.’’ Others of us, 
including the present writer, feel, on the contrary, that even a 10% risk of any 
kind of death or extinction is a very sizeable danger. Few persons would be free 
from misgivings if they had to undergo an operation, to take a trip, or to con- 
tract a disease, with this amount of risk. Moreover, they would probably feel 
keenly the load of a handicap or combination of handicaps that reduced their 
expectation of perpetuation to this extent, if this load were suddenly put upon 
them, although if brought up with it they would doubtless have become in- 
sensibly inured and resigned to it, even as a congenitally blind person may 
remain largely oblivious of his infirmity. But to argue that unawareness of a 
misfortune makes it unimportant is, in principle, no more valid in the case of 
other genetic disabilities than in the case of blindness. 

We tend to carry our burden more or less unconsciously at first, and then 
for a time rather zealously like Christian in Pilgrim’s Progress, but we usually 
become more weighed down by it in our later years, as all our powers gradually 
dwindle. The inadequacies in those physiological systems that happen to be 
weaker in us usually become noticeable first. Hence this person develops rheu- 
matism prematurely, as we say, that one is more prone to cancer, and a third 
to high blood pressure or nervous tremors or loss of memory, or merely of his 
good disposition. Again, even in youth, in times of greater stress, as in war or 
other over-exertion or during and after attacks of disease, a person’s individual 
limitations are more likely to come to the surface, although often the victims 
themselves will consider the cause of all their trouble to lie in the adverse cir- 
cumstances. Each, however, presents his characteristic pattern of inadequacies 
or weaknesses, and these patterns tend to run in families. But the fact that 
patterns of culture and habit, and even material goods, also run in families, 
makes the tangling of the genetic with the non-genetic the more intricate and 
confusing. 

It is to be expected that most of these manifestations of heterozygous muta- 
tions would appear only as small quantitative differences. For, in the first place, 
nearly all observed characteristics depend upon many genes. Most of these 
genes act more or less cumulatively, as “modifiers,” so that a change in any 
one of them usually affects the result only slightly, even when homozygous. 
Secondly, most mutant genes act, when homozygous, like feebler editions of 
their own normal alleles: they are, as we say, “hypomorphic,” and therefore 
cause changes of degree. Thirdly, the genes in their heterozygous state usually 
cause a much lesser degree of deviation than when homozygous. For all these 
reasons, then, the individual heterozygous for a number of mutant genes would 
be subject chiefly to exaggerations of the same kind of troubles as even the 
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most normal man might have; in fact, the latter also would at times show them 
to the degree in question, when he happened to be exposed to somewhat more 
adverse conditions. 

Thus these genetic effects are by no means to be distinguished readily from 
the effects of trying environments: of dietary deficiencies, chronic infections, 
exposure, overwork and so forth. And undoubtedly the two sets of factors, 
genic and environic, interact most intimately in the production of the observed 
results, so that the ailments are to a large extent combination effects. It must 
often happen, moreover, that the symptoms of the genetic shortcomings, espe- 
cially when less complicated by unfavorable outer circumstances, are so sub- 
dued, vague and hard to diagnose as to lead physicians in their professional 
capacity to ignore them, as not worth bothering with, and/or to conveniently 
dismiss them as hypochondria on the part of the patient. Yet improvements in 
living conditions as well as in medicine in general have in modern times resulted 
in an ever decreasing intensity of these afflictions, for the generations imme- 
diately involved, especially when the age of the individuals involved is also 
taken into account. At the same time, however, diseases and injuries of more 
strictly extrinsic origin are becoming much more drastically reduced than these, 
and the average length of life is being greatly increased. Under these circum- 
stances the differences due to genetic ailments, despite their mitigation, stand 
out ever more conspicuously by contrast. 

We see that, in mankind under present circumstances, these heterozygous 
genetic weaknesses, when in a setting of favorable external conditions, are 
seldom to be classed as outright “diseases.”’ In view of this, we might in a very 
limited sense agree with the statement quoted in our introduction, that “mu- 
tation as a direct cause of disease is extremely rare and of little practical sig- 
nificance.”’ This situation is however due to the fact, so fortunate for all of us 
in this generation, that our germ plasm was selected, in our more primitively- 
living ancestors, for a world without central heating or refrigerators, without 
labor-saving mechanisms in the home, in industry or in agriculture, without 
sewers or bathrooms, and without knowledge of contraceptives, asepsis, anti- 
biotics, calories, vitamins, hormones, surgery or psychosomatic treatment. 
And so now for the first time, with the newly found aid of all these devices and 
methods, the average American, in spite of his eight or more inborn disabilities, 
adding up to at least a 20% natural disadvantage, manages to get by for almost 
the three score and ten years which, surprisingly enough, ancient tradition 
declared to be the ‘“‘normal”’ span. 


14. The penalty for relaxing natural selection. 


In view of the considerations adduced in the preceding section, the question 
now arises: granting this inborn disadvantage which would amount to at least 
20% under primitive conditions, may we not regard this as relatively unimpor- 
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tant under our present conditions of living? Furthermore, may we not con- 
fidently expect that, with continued advances in general technology, living 
standards and medicine, the genetic burden will be further lightened and kept 
very small indeed? 

Certainly there is no use in getting morbid over our own natural short- 
comings, and it is best not to dwell upon them but to take what steps we can 
to ameliorate them. Their really scientific diagnosis and treatment is, to be 
sure, a very recondite and elusive matter indeed, for a surprisingly high propor- 
tion of persons, because of the fact that there is such a multitude of different 
kinds of hereditary ailments, each individually so rare, yet in their collectivity 
so frequent. Medical men will discover this when they come to take these dis- 
orders more seriously and they will then recognize once more that familial 
complaints, which will then be the main complaints, call for physicians who 
take the characteristics of the entire family into consideration. In consequence, 
the pressure of the mutational load will be reduced even more, for the genera- 
tions immediately treated. 

The great trouble with this method is that if (as today) it is unaccompanied 
by artificial selection it passes down to an indefinite number of future genera- 
tions the burden that it has spared the treated generation itself. Of course 
these later generations can be treated in turn. But each successive generation 
will have not only the mutant genes which have in this way been passed along 
to it but also its own new crop of mutations. Thus the number of mutant genes 
will increase unless and until we again let as many die out as arise. To put the 
matter in other words, if our ameliorative procedures succeed they must in- 
evitably (barring conscious selection) cause a smaller number of mutant genes 
to be reproductively eliminated per generation than were eliminated originally. 
In fact that is today one of the main aims of these procedures. But the number 
eliminated originally (under primitive conditions) must have been the equilib- 
rium number, i.e. equal to the number of new mutations arising. The number 
eliminated when ameliorative treatments are given is therefore less than the 
number of mutant genes arising. Thus the conditions for the application of the 
basic equilibrium theorem, f = mp, have been violated. For we have diminished 
i, thereby increasing p, and causing a rise in f. 

The rise in f;, the total frequency of manifestation of mutant genes, must 
inevitably continue, so long as these circumstances continue, until at last its 
value becomes so high that a new equilibrium is reached, at which the total 
frequency of individuals eliminated per generation is again equal to m, the 
total frequency of new cases arising. This means that despite all the improved 
methods and facilities which will be in use at that time the population will 
nevertheless be undergoing as much genetic extinction as it did under the most 
primitive conditions. In correspondence with this, the amount of genetically 
caused impairment suffered by the average individual, even though he has all 
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the techniques of civilization working to mitigate it, must by that time have 
grown to be as great in the presence of these techniques as it had been in paleo- 
lithic times without them. But instead of people’s time and energy being 
mainly spent in the struggle with external enemies of a primitive kind such as 
famine, climatic difficulties and wild beasts, they would be devoted chiefly to 
the effort to live carefully, to spare and to prop up their own feeblenesses, to 
soothe their inner disharmonies and, in general, to doctor themselves as effec- 
tively as possible. For everyone would be an invalid, with his own special 
familial twists. 

But, it may be objected, medicine and technology in general will probably 
continue to make progress, so that after the centuries or millennia needed for 
getting near to a new equilibrium, adjusted to today’s and tomorrow’s tech- 
niques, the still more advanced methods of that time might be so well able to 
cope with the increased frequency of f; as to allow people to suffer from no 
more net disadvantages, or perhaps even less, than at present. In other words, 
the equilibrium goal set by present practices would by that time be long out of 
date. And this would, it might be urged, happen repeatedly, in fact continu- 
ously, so that an equilibrium for mutant genes would never need to be arrived 
at and the advancement of technique would always manage to stay ahead of 
the mutational accumulation process. 

The above view, espoused especially by persons with an antipathy to practi- 
cal applications of genetics in man, is one of blindly optimistic faith in the 
omnipotence of artificially controlled environmental influences. Its fallacy is 
of the same kind as found in the view, put forward in kindred circles, that the 
Malthusian principle is entirely wrong because advances in physical and socio- 
economic techniques will in the future enable us always to increase our means 
of subsistence faster than our population can naturally multiply. In both cases 
the nature and the enormity of the situation have eluded comprehension. It is 
not realized that the procedure proposed is, in the long run, as effective as 
trying to push back the flowing waters of a river with one’s bare hands. 

If the attempt were made to continue indefinitely to substitute a more re- 
mote equilibrium for f;, by ameliorative practices, it would mean an ever greater 
heaping up of mutant genes. There would be no li 1it to this short of the com- 
plete loss of all of the genes or their degradation into utterly unrecognizable 
forms, differing chaotically from one individual of the population to another. 
Our descendants’ natural biological organization would in fact have disinte- 
grated and have been replaced by complete disorder. Their only connections 
with mankind would then be the historical one that we ourselves had after all 
been their ancestors and sponsors, and the fact that their once-human material 
was still used for the purpose of converting it, artificially, into some semblance 
of man. However, it would in the end be far easier and more sensible to manu- 
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facture a complete man de novo, out of appropriately chosen raw materials, 
than to try to refashion into human form those pitiful relics which remained. 
For all of them would differ inordinately from one another, and each would 
present a whole series of most intricate research problems, before the treat- 
ments suitable for its own unique set of vagaries could be decided upon. 

Admitting this to be a reductio ad absurdum, our critics might object that no 
such unlimited continuance of mutational accumulation was intended, but only 
a reasonable amount of it, whatever that might prove to be. The answer to 
this is that unless the practice were indefinitely continued, there would be 
some stopping place (either sudden or gradual) and that, following this, elimina- 
tion would after all have to be allowed to become equal in frequency to the 
new mutations, in order to prevent the still further accumulation of mutant 
genes. Now unless this “allowed” elimination were brought about by some type 
of artificial selection, as for instance by voluntary abstention from reproduc- 
tion, it would mean that those who constituted the proscribed quota—which 
we have seen to be at least 20% of the population—were, as in early times, 
dying out as an automatic consequence of their own inadequacy. 

If then the eliminated 20% failed involuntarily—that is, despite all their 
own and their community’s efforts, we may be sure that most of the remaining 
80%, although they had contrived to reproduce would on the whole differ 
from the doomed fifth but slightly. That is, they would in the main be ‘‘mar- 
ginal cases” who had managed to get along, even with the aid of the vastly 
improved techniques of that time, only barely and with difficulty. For these 
“successes”? would in fact be encumbered with the great load of those additional 
mutations that had accumulated during the period in which equilibrium was 
being postponed. Practically all of them would have been sure failures under 
primitive conditions and their perpetuation now, after the reattainment of 
equilibrium, would be contingent on a continuance of the ameliorative prac- 
tices at that new level of intensity which corresponded with the new equilib- 
brium. This permanent requirement would be the heritage that had been 
bequeathed by “debtor generations” like our own. The term “debtor” is appro- 
priate for such generations because, by instituting for their own immediate 
benefit ameliorative procedures which delay the attainment of equilibrium and 
raise the equilibrium level of mutant gene frequency, they transfer to their 
descendants a price of detriment which the latter must eventually pay in full. 

It is very difficult to estimate the rate of the deteriorative genetic process 
which present practices occasion. No one knows how much less stringent selec- 
tion is today, in any one particular, than it was in primitive times. But unless 
we take the naive position that ailments of genetic origin cannot be mitigated 
by artificial means,we must admit that modern methods do result in the saving 
for reproduction of many mutant genes which otherwise would have been 
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eliminated by the defects they produced. Thus, assuming only our 20% mini- 
mum value for the equilibrium frequency of genetic elimination, the fact that 
the average American now lives beyond 65 is a proof that nothing like the 
equilibrium quota is eliminated by death before the age of reproduction. This 
may also be deduced from the fact that an average number of children of not 
much more than two born per adult is at present about sufficient to maintain 
the population. 

Moreover, we cannot assume that the elimination rate is brought up to the 
required level by means of a highly selective failure to reproduce on the part 
of those who live. For a very considerable fraction of those whose lines are 
dying out today are known to have followed this course more or less purposely, 
asa result of conditioned behavior that depended primarily upon circumstances 
of their mode of living, their experiences and their tradition, rather than upon 
undesirable genetic traits. Making allowance for this major, non-genetic con- 
tingent of the relatively “infertile,” there must be much too little room left 
for reproductive selection in the multiplication of a population like ours, whose 
number of children per adult shows a variability so much smaller than in 
former times. 

It is of course possible to calculate readily the rate of deterioration that 
would result from a given assumed amount of relaxation of selection, if values 
are also assumed for total mutation rate, w,, and for the average persistence, 
p (the latter being expressed in terms of the value which it would have had 
under primitive conditions). Let us, for instance, take the very moderate- 
seeming assumption that at present one half of those who would have been 
genetically eliminated in primitive times succeed in perpetuating themselves, 
and let us at the same time follow our previous assumptions, also chosen on 
the side of caution, that m is only 20% and that #, for primitive conditions, 
would be as much as 40 generations. Using these values we find that the in- 
creased impairment of the next generation as compared with the present one 
would be 14 X !5 X !4o, that is, 0.25%. Examining this reckoning in detail, 
we see that each person of the next generation would on the average receive 
lg X 4, ie., 149 of a mutant gene more than this generation had. And if the 
heterozygous impairment averaged, for primitive conditions,)49 (i.e. 2.5% re- 
duction in the individual’s chance of perpetuation per heterozygous gene), the 
resultant additional average impairment per offspring would be {9 X !4o, oF 
0.25%, from the standpoint of what the effect would have been under primitive 
conditions." It is evident that if this rate of decline continued (it is much more 
probable however that, if the mores did not change, the rate of decline would 


‘8Qur assumption that the selective elimination has been halved implies however that under 
present conditions, including modern treatments, the impairment would on the average be only one- 
half as manifest as in primitive times. Thus there would be a lowering of present survival value (i.e. 
of survival value measured in relation to modern conditions) of only 0.125% per generation. 
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accelerate as techniques improved), it would take some 40 generations, a 
period of time of the order of a thousand years, to cause the amount of dis- 
ability—as measured in relation to primitive conditions—to change from the 
equilibrium level of 20% to a level of 30%. And there would be a corresponding 
rise of f; from the value of 8 to that of 12 mutant genes per individual. 

It is very likely that the combination of values assumed above is a far too 
cautious one. For example, it is quite conceivable that not merely a half but 
even three-quarters of the genetically “proscribed” quota are now perpetuating 
themselves, that 7,, instead of being 20%, is approximately 100% (see page 
138), and that # is, because of an exceptionally high dominance of mutant 
genes in man, only 8. In that case each individual of the next generation would 
on the average have 34 of a mutant gene more than the individuals of this 
generation, and this would cause the average chance of survival, as measured 
in relation to primitive conditions, to have a decrement of 34 X \, i.e. of nearly 
10%. In that case, if the average disability were 20% now, as measured in 
these terms, it would be raised nearly to 30% in the course of a single genera- 
tion instead of in a thousand years. That this estimate of the change is almost 
certainly too high is suggested by observations on the similarity in strength, 
morbidity, etc. of the offspring of savages and of long-civilized peoples, or of 
upper and lower castes, respectively, when raised under similar conditions. 
However, it is doubtful whether most ancient and medieval civilizations were 
much more genetically sparing than conditions of savagery were, for the ma- 
jority of the people. And certainly the past hundred years have seen more 
“progress” in this respect than all the past history of civilization. This makes 
it the more necessary now to carry out as exact comparative studies as possible, 
of the kind in question, so that we may be enabled to set an upper limit to our 
estimate of the possible rate of genetic deterioration. In the meantime, how- 
ever, we must emphasize our uncertainty concerning the quantitative aspects 
of this matter, the need of further investigation of them, and the open possi- 
bility that the deterioration consequent on the present relaxation of selection 
may after all be a good deal more rapid than has commonly been imagined 
even by geneticists. 

Whatever the values finally found, it is evident that the natural rate of mu- 
tation of man is so high, and his natural rate of reproduction so low, that not 
a great deal of margin is left for selection. Thus if wu, has the minimal value of 
0.1 (wm, = 0.18) an average reproductive rate of 2.4 children per individual 
would be necessary to compensate for individuals genetically eliminated, with- 
out taking any account whatever of all the deaths and failures to reproduce 
due to non-genetic causes. But when these are taken into account as well (even 
though we allow only that reduced number of them that occurs under our 
modern conditions) it becomes perfectly evident that the present number of 
children per couple cannot be great enough to allow selection to keep pace with 
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a mutation rate of 0.1. If, to make matters worse, u, should be anything like 
as high as 0.5, a possibility that cannot yet be ignored, our present reproductive 
practices would be utterly out of line with human requirements. 


15. The avoidance of the penalty. 


Unless means could be found of lessening the natural mutation rate (a feat 
that would require the extended maintenance of the germ cells in vitro as a 
regular procedure), this rate presents a base line, an irreducible minimum, be- 
low which gene elimination cannot permanently be decreased. As shown above, 
attempts to do so can have only temporary success. We cannot eat our cake 
today and have it tomorrow. In later generations a genetic selection must be 
resumed which is in its essentials as rigorous as that which was necessary for 
the maintenance of equilibrium even under the most primitive conditions. 

But to pessimists protesting ‘“What price progress then?” it must be pointed 
out that there is after all one and just one way of avoiding the fiasco of a full 
fledged resumption of ordinary natural selection. That method, whether we 
like it or not, is purposive control over reproduction, exercised in such wise as 
to anticipate and forestall the need for natural selection of the usual, externally 
imposed type. 

In order to fulfill the aim of achieving a form of selection more humane than 
that resulting from the unalloyed struggle for existence, it would of course be 
all-important for this purposive control to be carried out, not by means of 
decrees and orders from authorities, but through the freely exercised volition 
of the individuals concerned, guided by their recognition of the situation and 
motivated by their own desire to contribute to human benefit in the ways 
most effective for them. This is the only real solution, the only procedure con- 
sistent with human happiness, dignity, and security. For to be slaves coerced 
by others is even more obnoxious than to be exposed to the full rigors of nature. 
But for the voluntary adoption by people in general of a course of such wis- 
dom, and so different from that now followed, a deep-seated change in mores 
would be necessary. Not least among the requirements for this would be a far 
more thoroughgoing and widespread education of the public in biological and 
social essentials (see p. 163). And there would also have to be very great im- 
provement in the technical methods whereby the more important features of 
the genetic constitution may be judged. 

Granted that such voluntary reproductive control can eventually become 
effective enough to result in the elimination of as many mutant genes per 
generation as concurrently arise through mutation, the ameliorative practices 
of medicine and of civilization generally are divested of all their harm to later 
generations. Strange as it seems, we can in that case both eat our cake and 
have it. Instead of boomeranging back to plague the future, our palliative pro- 
cedures then become valid means whereby the individual here today, and in 
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every successive generation, may without compunction roll off the oppressive 
load which heretofore has been ordained to all species in their struggle for 
existence. But this is possible only when the rational guidance of parenthood 
is given its place as the necessary complement to medicine and all other “eu- 
thenic” practices. It must be recognized that it is equally as necessary, in the 
end, as they, for the attainment of the very goals which they themselves seek. 
With either of these two legs missing, the body of mankind as a whole cannot 
continue to stand erect. But with both of them, and only with both of them, 
it can. Thus the exercise of a measure of prudence, in allowing reproductive 
practices to be influenced to some extent by the interests of those who are to 
follow, may at last gain a vast extension of well being and of freedom for 
everyone. 

It has apparently not been realized that the guidance of reproduction, in the 
light of increased knowledge of human genetics, may eventually attain a level 
of proficiency such as to require, for the maintenance of equilibrium, a much 
smaller amount of selective elimination than is necessary in the course of ordi- 
nary natural selection. That is, although still subject to the principle that 
there must be as high a frequency of mutant genes eliminated as arise by mu- 
tation, mankind can nevertheless be released from the condition that the fre- 
quency of individuals meeting extinction must be approximately equal to m:, 
the total frequency of newly arisen cases of manifestation of mutations. This 
apparent paradox arises from the fact that there is so much variability in regard 
to the number of mutant genes carried by different individuals of a population 
as to make it possible, by judicious and efficient picking of the individuals 
having the highest numbers of mutant genes, to find the necessary quota of u 
genes for elimination in a much smaller proportion of individuals than 2y. Al- 
though there is, to be sure, some tendency for this to happen even under natural 
selection, by reason of some combinations of mutant genes having synergistic 
(i.e. more than cumulative) detrimental effects, and for these genes therefore to 
become eliminated disproportionately often when in such combinations, never- 
theless a really purposive choosing of the more heavily laden individuals 
could attain far greater efficiency in this respect than would happen naturally. 

For the purpose of numerical illustration, let us first recall our previous cal- 
culations concerning elimination under ordinary natural selection, and then 
compare them with new calculations, dealing with the possibilities for ration- 
ally guided elimination. We have seen (p. 138) that if u., the total mutation 
rate per gamete, is 0.1, and if the dominance is “effective,” then ,, the fre- 
quency of newly manifested cases per individual, is the same as the frequency 
of individuals eliminated at equilibrium under natural selection, and has a 
value only slightly less than 0.2, namely, 0.18, provided we assume (1) the 
independence of distribution and (2) the independence of detrimental action 
of the mutant genes. Although the second assumption is certainly inaccurate, 
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as pointed out previously, nevertheless provisional consideration of the matter 
indicates that it is unlikely for the frequency and strength of synergistic action 
of mutant genes to be so great as to reduce the frequency of elimination from a 
value of 0.18 to below, say, 0.15. 

When now we turn to the possibilities of intelligently directed selection we 
find the situation very different. In this case let us assume, as a limiting in- 
stance, that the individuals having the largest number of mutant genes are 
systematically chosen for elimination. Our mathematical problem now is to 
ascertain what fraction of the population would carry enough genes in excess 
of the average, 8 per individual, so that when this most heavily loaded fraction 
is subtracted the remainder of the population would have a gene frequency 
lower than the average by yu, (0.1) per genome (0.2 per individual). To find this 


TABLE 1 
POISSON DISTRIBUTION WHEN m (THE AVERAGE VALUE OF 4) Is 8. 
(P = PROBABILITY OR FREQUENCY OF CASES HAVING THE GIVEN VALUE OF %.) 
x P P(x — m) x P P(x — m) 


.000335 .002680 -029616 + . 148080 
.002684 .018788 016924 + .101544 
.010735 -064410 + .063182 
.028626 . 143130 d + .036104 
-057252 229008 + .019116 
-091604 274812 
122138 244276 
- 139587 . 139587 
139587 .000000 
124077 + .124077 
-099262 + .198524 
-072190 + .216570 
-048127 + .192508 
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fraction, we shall for approximation purposes assume a Poisson distribution 
and consult Poisson tables. It is not likely that, under natural selection, and 
with the mating system largely random so far as defective genes are concerned, 
the departure from a Poisson distribution would be serious, although there 
would even in this case be some reduction in the frequencies of individuals 
with higher numbers of mutant genes. 

In these tables, the condition m = 8 would correspond in our own example 
to there being an average of 8 mutant genes per individual. Thus m may be 
equated to our symbol f;. We have listed in table 1 the values which obtain in 
that case. Here the actual number of mutant genes carried by an individual is 
represented as x, in the first (leftmost) column. In the next column, the values 
shown, which we have designated as P, tell what proportion of the population 
carries exactly x mutant genes, under the given condition that the average of 


th 
th 
m 
ca 
fol 
ce 
le 
us 
th 
tic 
wl 
TI 
1 
ev 
pe 
in 
ay 
of 
fo 
ra 
10 
11 be 
12 Vi 
p 
m 
di 
of 
in 
fr 
le 
se 
la 
tk 
ge 
aC 


OUR LOAD OF MUTATIONS 153 


the x’s of all individuals is 8. In the third column we have shown the values of 
the product P(« — m). This expression tells us what excess fraction of the 
mutant genes of the entire population is carried by the group having exactly 
« genes. That is, it is the fraction of the whole population’s genes which they 
carry, beyond that quota of 8 genes per individual which represents the average 
for the whole population. Beginning with the bottom row (largest x), and pro- 
ceeding upwards, we may then add together the values of P(x — m) up to the 
level at which this sum, if divided among the remainder of the population, 
would become equal to 0.2 (2 u,). A little trial shows that this procedure takes 
us up to about six-tenths of the way through the row for x = 14. The sum of 
the P(x — m) values up to this level is 0.196, and the remainder of the popula- 
tion, gotten by summing the values of P above this level, forms 0.973 of the 
whole. Dividing the first figure, 0.196, by the second one, 0.973, we obtain 0.20. 
This means that the excess of genes carried by those groups having x from 
14 to 25 (but including only 0.6 of those with « = 14) would if distributed 
evenly over the remainder of the population, raise its mutant gene content by 
an amount equal to 2u, per individual. Conversely then, the remainder of the 
population must have a deficit of the desired amount, namely 0.20 genes per 
individual, below the average, otherwise all the population together would not 
average m genes. Hence the subtraction from the population of that contingent 
of groups whose genes are in excess of the level in question leaves a remainder 
with a mutant gene frequency just enough below the average to compensate 
for the gain in mutant genes which is caused in one generation by the mutation 
rate of 0.1 in the germ cells of both sexes. 

It will be seen that the contingent having the excess of genes required for 
balancing against the mutation rate constitutes (as found by adding its P 
values) only 2.74% of the entire population. Thus, theoretically at least, a rise 
in the mutant gene frequency of the next generation as compared with the 
present one could be prevented from occurring by the elimination from repro- 
duction of less than 3% of the potential parents, instead of the 15 to 18% de- 
manded by natural selection, provided the number of mutant genes per in- 
dividual could be exactly ascertained. Similar calculations made on the basis 
of the more extreme assumptions dealt with on page 138 (u, = 0.5) show that 
in that case the non-reproducing fraction of the population would be reduced 
from the 0.6 or more demanded by natural selection (see p. 138) to somewhat 
less than 0.2 when guided. 

It should be noted, however, that the above calculations apply only to the 
selection required in the first generation in which guidance is exercised and that 
later the non-reproducing quota has to be raised somewhat. This is because 
the systematic elimination of the highest gene concentrations in each successive 
generation leads to a departure from the Poisson distribution, skewing the 
actual distribution towards the lower gene concentrations. This makes it neces- 
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sary later to eliminate a somewhat larger fraction of the population in order to 
attain the same amount of gene elimination. The calculation of the amount of 
selection finally necessary, and of the curve of approach to this constant value, 
would be a lengthy and intricate matter, but it is to be hoped that some one will 
undertake it. Meanwhile, it is evident that even when stability in this respect 
has been reached, the elimination required under the system of guided selection 
would still be much smaller than that demanded by ordinary natural selection. 
Moreover, it is reasonable to expect that, although far from complete accuracy 
in estimating mutant gene number can be achieved in the foreseeable future, 
nevertheless the advance of genetic knowledge should make possible a con- 
siderable reduction in the amount of elimination necessary for maintaining 
equilibrium, if such knowledge were made use of in the guidance of reproduc- 
tion. 

We have in the above treatment, for the purpose of simplification, taken 
account only of the numbers of mutant genes, without regard to their relative 
injuriousness (1/p). From the phenotypic viewpoint, more efficient selection, 
in the sense of selection causing a greater lightening of the phenotypic load per 
individual, would of course be attained by taking this factor also into account, 
but the consideration of this matter would take us too far afield here. Suffice 
it to say, however, that tests could probably be carried out more readily, in 
actual practice, for estimating the load in terms in which this factor did enter 
into the reckoning, than for estimating merely the mutant gene number by 
itself, as above postulated. At the same time, although the fraction of individ- 
uals to be eliminated would be increased by attaching this additional condi- 
tion,’® the general principle would remain that selection based upon such 
knowledge would make possible the maintenance of equilibrium by means of 
the elimination of a smaller contingent of individuals than that required by 
ordinary natural selection. 


16. The effect of a long-term increase in the mutation rate. 


The formula for equilibrium frequency, f; = 24f, shows that the genetic 
load carried at equilibrium is directly proportional to the mutation rate. There- 
fore, if other factors remain constant, the permanent raising of the mutation 
rate to a given, moderate multiple of its former value (such as, say, 1.25 or 
2 times) eventually causes, by the time equilibrium is reached, the same rela- 


16 It might however be judged preferable to pay attention more especially to gene number, dis- 
regarding in part at least the amount of gene effect, since this procedure would require a smaller 
amount of elimination for the maintenance of equilibrium. For the increase of phenotypic load there- 
by resulting might, when coupled with ameliorative procedures, be considered less important than 
the advantage of having a smaller elimination requirement. This point of view would be quite legiti- 
mate, and not in contradiction to that previously set forth, since we are here assuming that in any 
case there will be enough selection to maintain equilibrium, i.e. to prevent an unlimited rise in the 
load. 
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tive rise (to 1.25 times, twice, etc., as the case may be) in the frequency of 
mutant genes present. Pari passu, there is of course the same relative rise in 
the total pressure of genetic ailments on the population, and in the frequency 
of individuals meeting genetic extinction. If, as we have seen reason to con- 
clude, even the present genetic load is a serious one, then its increase by only 
25% (i.e. to 1.25 times its present value) would be a matter of grave conse- 
quence, while its doubling would approach the calamitous. 

This becomes the more evident when we consider that, as explained in 
section 14, our ameliorative practices are at present allowing us to feel only a 
fraction of the genetic load but that in time, as the new equilibrium values are 
reached, we must despite all ameliorative measures come to feel the full force 
of this load again, a force as great as that in primitive times—unless conscious 
selection has in the meantime been resorted to in order to keep the equilibrium 
frequency down. Hence, if and when the stage is attained which we are now 
headed to, the “25% greater load” caused by a 25% rise in mutation rate will 
not mean a load that is 25% greater than the present one, but 25% greater 
than the load which would otherwise have come into existence by that time, 
and which would by itself have been equivalent to the load of primitive times. 
On the other hand, if the load had been kept down by conscious selection, then 
the 25% increase occasioned by the rise in w:, although far less evident pheno- 
typically, would nevertheless demand an amount of selective elimination 
which in each generation was 25% higher than would otherwise be necessary. 

The consequences above described are to be expected from a rise in mutation 
rate only if the condition has been adhered to that this rise is of moderate size. 
This qualification arises from the fact, previously pointed out, that the “nor- 
mal” human mutation rate is at best not very far from the upper limit which 
natural selection, even that of primitive times, is capable of coping with. Thus, 
if wu: should rise above 0.5, the amount of selective elimination required for the 
maintenance of equilibrium would, as we have seen, be greater than the “rate 
of effective reproduction”” of even primitive man would have allowed. Hence 
equilibrium could not be maintained, and the genetic composition would de- 
teriorate continuously, while the population would meanwhile diminish in 
numbers all the way to the point of disappearance. In the case of a population 
in which, as in many civilized nations, the birth rate is held down to an average 
of not much more than two per family, the upper or critical mutation rate, that 
beyond which any equilibrium is impossible, must be much lower than 0.5 and, 
as we have seen, perhaps lower than 0.1, even if natural selection were, within 


" The rate of reproduction theoretically remaining after all cases of death and failure to reproduce 
of purely non-genetic causation have been subtracted. In a population at genetic equilibrium and 
constant in numbers this effective rate must be equal to 1 plus the proportion that meets genetic 
extinction, i.e. approximately 1 + m; (provided m; is low enough so that overlapping of the extinction 
effects can be ignored). 
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the limits set by these conditions, to be given full scope. Since however it is not 
being given anything like full scope at present, we are not maintaining equilib- 
rium anyhow, and under these circumstances any increase in yw; will simply 
accelerate, to a corresponding degree, the decline that must already be going on. 
If now we postulated that the conditions of raised mutation rate, low birth 
rate, and lack of conscious selection were all to continue, it would be very 
problematical whether or not this decline would eventually be arrested by the 
rise in mutant gene frequency, f,. Although ordinarily this internal checking 
mechanism must finally come into play to force a resumption of elimination at 
the equilibrium level, the answer to the question of whether the rise in f; would 
in this case be sufficient to stop the decline would depend upon the very fine 
point of whether or not the mutation rate had been raised above that level 
which, at the given rate of reproduction, was “‘critical,”’ in the sense defined 
above. 

At present our quantitative knowledge of the factors concerned is far from 
precise enough to enable us to deduce just what the critical rate would be, for 
any given rate of effective reproduction. Thus we can only say that even a 
moderate rise in mutation rate might, conceivably, if continued indefinitely 
under conditions like those now existing, be sufficient to spell the difference 
between the maintenance and the extinction of the population. 


17. The effect of a short-term increase in the mutation rate. 


Despite the magnitude of the effect of a long-term increase in the mutation 
rate, discussed above, it is so slow in its onset that, when observed over the 
course of but a few generations of ordinary, largely random, breeding, it is 
likely to be imperceptible. To illustrate this, let us attempt to estimate the 
amount of effect which a given rise in the mutation rate of one generation, of 
an amount not improbable in human beings, would produce in the immediate 
offspring. For this we may take the figure for mutation rate previously pro- 
posed as “‘conservative,’’ namely uw, = 0.1, and then suppose that it is raised 
by 50% of its own value, i.e. from 0.1 to 0.15. The amount of this rise, 0.05, is 
approximately that which would be induced by treatment of immature germ 
cells of Drosophila with an X-ray dose of 100 r, although in Drosophila this 
doubles y;, since the natural rate for Drosophila is only 0.05. 

Now this 0.05 rise in y, will cause 1 in 20 germ cells and therefore 1 in 10 
individuals of the next generation (if both parents were treated) to contain a 
newly induced mutant gene. To find the total detrimental effect of this on the 
population in the next generation we must therefore multiply }{o by the arith- 
metic mean detriment produced by one newly arisen heterozygous mutant 
gene. Unfortunately, however, we cannot calculate this mean detriment from 
our value # = 40. For # is not the reciprocal of the arithmetic mean detriment 
but of the harmonic mean detriment (in other words, it is the arithmetic mean 
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of the reciprocals of the values for detriment of the individual mutant genes). 
There is no constant relation between arithmetic and harmonic means; a series 
of values with the same arithmetic mean may have very different harmonic 
means according to their pattern of frequency distribution. It hardly seems 
necessary to show our calculation of the probable maximum arithmetic mean 
detriment that may be assumed in the present case. However, it can be stated 
that unless the distribution of the detrimental values of heterozygous mutant 
genes in man is very different from that in Drosophila, with much greater grades 
of detriment the rule in man, the arithmetic mean value cannot be greater 
than 149, i.e., 0.05. When this is multiplied by 1/9 (representing the frequency 
of offspring having a newly induced mutant gene), we find a total induced 
detrimental effect of 0.005 (0.5%) among the immediate offspring. 

That the mean heterozygous detriment is not above 0.05 is further indicated 
by consideration of Levit’s studies, previously referred to (p. 132). When deal- 
ing with autosomal genes having the potentiality of giving conspicuous patho- 
logical effects in heterozygotes, he found that even these very seldom come to 
a level of expression where they can be readily recognized in more than a fifth 
of individuals carrying them. Since even when well expressed such genes are 
often expressed fairly late in life and so are not apt to lower the chance of per- 
petuation more than some 50%, their heterozygous detriment would’ usually 
average less than 0.10. Thus the far more numerous mutant genes that are 
relatively inconspicuous would have a much lower heterozygous detriment, 
and the mean value for all could hardly be above 0.05. This is further confirmed 
when we take into account along with this (1) the supposed autosomal reces- 
sives, since these are probably very weak dominants in the main, and (2) the 
sex-linked genes. As for the latter, a considerable majority of the genes known 
to be sex-linked had, as Levit showed, already been found to have some hetero- 
zygous expression. Yet this was usually too small and/or too infrequent in 
its detrimental effect to affect survival markedly, even though these genes were 
surely among the most conspicuous and therefore among the most extreme in 
detrimental effect. 

We may therefore regard an over-all depression of viability of 0.5% as a 
probable maximum estimate for the effect, on the immediate offspring genera- 
tion, of a 0.05 rise in mutation rate. This will of course be superimposed upon 
the at least 20% depression of viability that exists anyway, as a result of the 
equilibrium frequency of spontaneously arisen mutant genes. The two effects 
will however be combined in such a way as to cause the viability of the offspring 
of the treated parents to bear the ratio 99.5:100 (i.e. 199: 200) to that of the 
offspring of non-treated parents. But all these values are expressed in terms of 
the detriment that would be produced under the primitive conditions to which 
the equilibrium of man had at some previous time become approximately ad- 
justed. Under the modern conditions of disequilibration, occasioned by all the 
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recently introduced ameliorative procedures, not only would there be a much 
less than 20% effect caused by the accumulated spontaneously arisen mutant 
genes, but a corresponding reduction below 0.5% in the effect of the newly 
induced mutant genes. Hence, under modern conditions, we may expect the 
viabilities to be much more alike than 199: 200. It should be obvious that such 
a small amount of difference would be extremely hard to demonstrate con- 
vincingly even in an experiment with laboratory organisms, involving ideally 
controlled conditions and stupendous numbers. 

Under the conditions of fluctuating environment, heredity and observation 
to which two human groups which were to be compared would necessarily be 
subject, it would be absurd to think that such a difference could be detected. 
And even if the difference were six times as great as this (as a result, let us 
suppose, of wu, having been raised from 0.1 to 0.4 by a mean exposure of all the 
parents of the treated group to as much as 500 r) the ratio of genetic detri- 
mental effects in the two groups would only be 97:100 without allowing for 
modern conditions, and this difference would be so small as to make a statisti- 
cally valid demonstration of it, under existing conditions, very improbable. It 
is therefore highly unlikely that the observations being and to be made in the 
regions of Japan that were subjected to atomic bombing, where the dose of the 
survivors must have averaged a good deal less than the semi-lethal dose of 
600 r, will show a statistically significant effect on the survival rate of the off- 
spring, when all other possible sources of difference in the populations com- 
pared and in the conditions of observation are taken into account. The only 
chances of a demonstrable effect of such a nature would lie in the possibilities 
(1) that radiation raises the mutation rate much more in man than in Droso- 
phila, contrary to some indications from work on mice, or (2) that the amount 
of effect of mutant genes in heterozygous condition is, on the whole, much 
greater in man than in Drosophila, and greater than present evidence in man 
himself indicates. Moreover, the same considerations as invalidate survival 
rate, measured in the immediate offspring, as the criterion of a rise in mutation 
rate, apply also to the measurement of other quantitatively expressed char- 
acters, such as height, strength, resistance to cold, morbidity, etc., for this 
purpose. 

The principle should however be recognized that the more detrimental the 
effect of a mutant gene received from only one parent is, the more will a given 
rise in mutation rate raise its frequency among the immediate offspring, rela- 
tive to the frequency of genes of the same kind that had already accumulated 
as a result of spontaneous mutation. This is because, other things being equal, 
the accumulation is inversely proportional to the degree of detriment. There- 
fore in cases in which highly detrimental genes can be recognized by some 
characteristic qualitative feature or syndrome that distinguishes their effects 
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from those of the cumulative action of multiple genes of individually lesser 
efiectiveness, and from those of environmental disturbances, these particular 
genes should furnish a much clearer index of a rise in mutation rate, provided 
the number of them that can be found is not too low from a statistical stand- 
point. To this group may also be added some genes not so markedly detri- 
mental, such as achondroplasia or myasthenia gravis, of which the classifica- 
tion is so unmistakable and the penetrance so complete that newly arisen 
cases can be distinguished with certainty from those derived by inheritance, 
even where there is a possibility of illegitimacy. 

The above stipulations mean that, for practical purposes, the best tests of 
mutation rate are probably furnished by those rare but individually conspicu- 
ous, fully penetrant, definitely classifiable, dominant anomalies, usually of 
strongly injurious nature, such as epiloia, which bulk so large in human genetic 
literature but form so small a part of the actually existing genetic differences 
in man. Genes of incomplete penetrance are ruled out here not only because 
they may be subject to variability in penetrance under different conditions 
but chiefly because (1) they are in effect less detrimental and therefore subject 
toa correspondingly higher degree of accumulation, and (2) cases of inheritance 
may be mistaken for new mutations. The same objections apply to “‘recessive” 
sex-linked genes such as hemophilia, which although strongly detrimental in 
the hemizygote have much less, if any, effect in the heterozygote. Their fre- 
quency even in the case of those which are fully lethal in the male must be 
nearly 3u, and therefore would be much less diagnostic of a recent change in 
u, than that of dominant lethals would be. Unfortunately, when the prescribed 
conditions of highly detrimental action, full penetrance in the heterozygote and 
clear discrimination from possible environmental effects (such as those of pre- 
natally contracted rubella) are all adhered to, the total frequency of origination 
of mutant genes known to be in this group is so low, in man as in Drosophila, 
as again to make exceedingly large numbers necessary for a significant result. * 

To illustrate this conclusion with a numerical example, let us suppose that 
as many as 25 mutant genes are already known to conform sufficiently to the 
conditions above given, that their average mutation rate is 1 in 50,000 gametes, 
and that on the average they persist through 1.5 manifestations. In an un- 
treated population the frequency of all such mutant genes taken together 
would therefore be 25 & 2 X 1/50,000 x 1.5, or 15 in 10,000. Of these 15 there 
would on the average be 10 which represented newly arisen mutations, while 
5 would be reappearances. Suppose now that, owing to the parents in a certain 
region having received an average of 200 r, the mutation rate had been doubled. 
There would in this region be 20 freshly arisen cases of mutation belonging to 
this category among 10,000 offspring, along with 5 reappearances, or 25 in all, 
to be compared with the 15 present among the 10,000 children of untreated 
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parents. The numbers actually found would however be subject to a consider- 
able statistical error (error of sampling). On account of this it turns out that, 
even if we could ignore the errors derived from all other sources, and if exactly 
the figures 25 and 15 were actually found, there would still be a fair chance 
(approximately 1 in 18) of our having found as great a difference as this in the 
absence of any real difference in mutation rate. If we could distinguish and 
discard the cases of inheritance, leaving just those of new mutation, we should 
have a somewhat more significant comparison: 10 versus 20. On the other 
hand, we might very well have happened to find, for example, the numbers 13 
and 18 new mutations in our samples of 10,000 offspring of the exposed and un- 
exposed groups, even though the mutation rate had in fact been doubled. 
These numbers, however, could have resulted about equally readily if the mv- 
tation rates had been the same. Thus in that case our observations would 
have given us no basis to conclude that there had been any effect at all of the 
radiation on the mutation rate. It seems very unlikely, however, that the num- 
ber of different kinds of distinctive dominant abnormalities, of a type that 
would at present be recognized, would be nearly as high as 25. 

We see then that although there is some possibility that the studies in Japan 
may obtain evidence of the induction of mutations, it is certainly premature to 
say, as some persons have done, that they will afford a definitive test of the 
genetic effectiveness of radiation in man. Assertions have in fact been made 
that if positive results are not found there, this will have a salutary influence in 
quieting public fears concerning the genetic dangers of radiation. It should 
therefore be reiterated that existing knowledge is not only enough now to make 
it more likely that no definitely positive effects will be found than that they 
will, but also enough to make it quite sure that such failure to obtain positive 
results would not give valid support for the view, thus far based only on wishful 
thinking, that the amount of effect is insignificant. 

We saw in the preceding section how important in the long run an amount of 
mutational increase may be which is too imperceptible to be noticed in one 
generation, provided this increase in rate is long continued. But even an in- 
crease in mutation rate which is confined to but one generation is in the long 
run important enough, in human terms. We cannot notice its effects because of 
the variations caused by other, fluctuating factors, and because its effects are 
spread out so thinly, that is, over so many generations (over 40, on the average, 
if p is 40). If however these effects could be collected together we would not 
fail to be impressed by them. Thus, in a population of 100,000,000, a rise of 
mutation rate of only 0.025, confined to just one generation, would in the 
course of centuries result in 5,000,000 genetically caused extinctions, and in a 
vastly greater number of individuals who were detrimentally affected to a 
slight extent. 
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18. On the likelihood of increase in the human mutation rate. 


It might be imagined however that the average person would be very un- 
likely to receive a dose of radiation great enough to raise the mutation rate by 
0.025. But it takes a total dose of only about 50 r, when applied to the imma- 
ture germ cells of Drosophila, to cause this much rise, and only 25 r when ap- 
plied to mature germ cells. Moreover, the data from mice, although entirely 
too scanty, do indicate so far as they go that the induced mutation rate in 
mammals is of the same order of magnitude as in Drosophila. 

Now 50 r is an amount of radiation that a person’s gonads are not at all un- 
likely to receive under modern conditions. And the use of radiation is increas- 
ing in so many ways that, within a few decades, people whose gonads have not 
been exposed to this much total radiation, in the entire period from their con- 
ception to the time they reproduce, may be comparatively rare. A single fluoro- 
scopic “‘screening”’ has been estimated to deliver to the skin about 75 r, on the 
average (Martin, 1947), and although but a fraction of this reaches the gonads 
it would not take very many such examinations to deliver 50 r to them. Again, 
an increasing number of women are having their ovaries deliberately treated 
with 300 r for the purpose of rupturing refractory Graafian follicles, i.e. to in- 
duce ovulation (see for instance Haman, 1947), and the practice of having the 
testes treated with 500 r for the purpose of delaying the possibility of concep- 
tion for several years is said to be increasing in popularity among men. 

At the same time as the uses of penetrating radiation and of radioisotopes in 
medicine, both for therapy and for diagnosis, are increasing, commercial prac- 
tice is taking up these agents for sales purposes, as in shoe stores, and there are 
ever increasing industrial applications, as in testing for internal faults in me- 
tallic structures, in the removal of electrostatic charge, and in various applica- 
tions of electronics. When to all this we add the probability that the use of 
atomic energy and of its by-products is only at the beginning of a great process 
of expansion it will readily be realized that 50 r is by no means a fantastic 
estimate for the average dose to which an individual’s germ cells will be likely 
to be exposed in each generation anew, unless measures are employed which 
have as their express object the prevention of this much accumulated exposure. 

As yet, there is much resistance to such measures when they are proposed. 
Indeed, even the “‘permissible level’’ of 0.3 r per week which has recently be- 
come commonly recognized (but not so commonly followed), and which repre- 
sents a considerably more cautious standard than the long-accepted “tolerance 
dose” of 0.1 r per day that preceded it, would allow 15 r a year. Hence it would 
allow delivery of 50 r in the course of only three and a third years. It should 
therefore be evident that present peacetime trends, unless subjected to more 
efiective checks than would now be favored by most of those dealing with 
radiation, may lead to a sizeable and long continued increase in the mutation 
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rate. What might happen genetically if, as a result of atomic warfare, appre- 
ciable quantities of long-term radioisotopes became distributed over large 
areas, is another matter which requires most serious consideration, since re- 
sponsible physicists conversant with the possibilities in this field regard this 
danger as a very real one. We are not prepared to deal with it here, however, 
in the absence of estimates of how much radiation might be received in this way. 

It would also take us too far afield to consider here the various influences 
other than radiation which are known to affect mutation frequency, such as 
mutagenic chemicals, age and sex. The interpretation of their manner of action 
depends in part on a question raised by the present writer (19280) , as to whether 
most mutations are mistakes in gene reproduction or permanent changes in the 
completed gene. Evidence has accrued indicating that both kinds of changes 
occur but that in most types of cells the former are perhaps the more usual 
kind. Whatever the answer to this and related questions of mutational mech- 
anisms may be, they will have a bearing on our judgments concerning the 
genetic effect on populations of various features of their mode of life. Some of 
these influences—for instance, the age of the male when he reproduces, accord- 
ing toa study of Haldane’s (1947b)—may increase the mutation rate even more 
markedly than radiation is likely to do. Moreover, since, as previously ex- 
plained, the human mutation rate is probably not far from its critical level, 
even mild influences may turn out to be of more significance than has been 
suspected, in relation to the mutational load of mankind. Therefore, in view of 
the great changes in mode of life which civilization is bringing about, including 
exposure to unusual chemicals, alteration in average age of reproduction, etc., 
it is of ultimately practical importance to obtain more knowledge of the effects 
of these conditions on the mutation process. 


19. Motivations and criteria for genetically acceptable practices. 


Despite our insistence in the foregoing that indefinitely prolonged continu- 
ance of the present pattern of reproductive behavior along with a continuance 
of modern medical practices and of the now prevailing attitude toward radia- 
tion, would eventually lead to grave genetic consequences if not to complete 
disaster for mankind, it is not our intention to leave the impression that there 
is in this situation a cause for acute present alarm. For, as we have also pointed 
out repeatedly above, the process is a very long term one, the great genetic 
changes being, in terms of human affairs, very slow. Fortunately men’s mental 
attitudes, especially under modern conditions, are subject to far more rapid 
changes on a grand scale than their genes are. Thus it would seem absurd to 
suppose that, if civilization succeeds in surviving the present world crisis in a 
progressive form, the present disregard of biological fundamentals will persist 
indefinitely. 

At the same time, we must recognize that such far reaching changes in atti- 
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tudes and practices as are called for in this field will not develop of themselves. 
It is the responsibility of those who already have knowledge of the genetic 
facts to be prime movers in driving home an adequate realization of them 
among both the lay and medical public, and among all groups concerned with 
social matters, until appropriate changes are adopted in their daily practices 
and precepts. 

We must be prepared for a long uphill struggle, at best, before this can be 
accomplished. This is because, for one thing, the penalties for wrong behavior 
in regard to these matters are so completely hidden from direct observation 
and are so remote in time, while even the proof of their existence requires a 
process of ratiocination that the average man is not prepared to follow readily, 
nor to be impressed by. Rather will he be inclined to give priority to his imme- 
diate concerns, the interests of which will often (at least under existing mores) 
run counter to those of the seemingly immaterial abstractions conjured up by 
the geneticist. Supporting him in this course will be powerful groups of persons 
having vested material interests in present techniques and practices, as well as 
other powerful groups, whose interests lie in the preservation of antiquated 
ideologies in general. 

Only after the opposition of these last, more especially, has become suffi- 
ciently weakened to allow the conception of evolution, including that of its 
genetic mechanism, to become as much a cornerstone of elementary education 
as the rotundity of the earth, and after the processes and consequences of 
genetic change throughout the ages have been vividly visualized and drama- 
tized for people in general from their early years on through their later develop- 
ment, can we expect the arguments, calculations and recommendations of 
geneticists to take on sufficiently concrete meaning for the average man, the 
medical man, and the man in public life, so as to influence them adequately in 
their conduct of practical matters. To work for this modernization of educa- 
tional policy and methods, with a view to reshaping the average man’s view 
of his place in nature, is therefore one of the first duties of those who appreciate 
the significance of genetics in human affairs. 

But even if we were quite convinced that humanity would not be content to 
continue indefinitely along the road to an actual genetic denouement, we 
should not for that reason feel justified in regarding the matter of mutational 
load as one of little consequence. Just because a practice will not result in the 
wiping out of the human race is no reason why we should go to the other ex- 
treme, of considering it innocuous or negligible, as some would have us do in the 
case of radiation as soon as they find that an atomic bomb will not result in a 
population of monsters. A practice should be regarded as salutary or pernicious 
according to the amount of its total benefit weighed against the amount of its 
total detrimental effect. In the case of practices affecting heredity and repro- 
duction, we must extrapolate and find the probable total long-term advantage 
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or harm. For a good or evil that we do is not made less by its being far removed 
from us in distance or time. Now the accumulated long-term benefit or harm 
caused by a one-generation treatment happens to be equal to the amount of 
change that would affect each single generation if the same treatment were to 
be indefinitely continued. Thus, if an average of 100 r were applied to the 
germ cells of the whole population for an indefinitely long period and finally 
lowered the equilibrium fitness by 10%, then the application of 100 r to just 
one generation would have a total genetic effect equivalent to the lowering of 
the average fitness of exactly one whole generation by 10% (implying with this 
an increment of 10% in its genetic deaths). Actually, however, these 10% of 
deaths and these forty (+) times as numerous slight shortcomings would be 
diluted by being spread out over scores of generations. If then we knew this 
relationship we should have to put the further question: would the benefits of 
applying just these particular practices, rather than such substitutes or modi- 
fications of them as would not have this genetic effect, be worth so large a price? 

A similar question would have to be raised regarding the effects of improve- 
ments in living conditions and in medicine on selection. And here of course the 
modification of practice to be considered would surely consist, not at all in the 
withholding of the benefits of modern knowledge and techniques for the im- 
provement of the individual, but, as pointed out on pages 150-151, in his suit- 
able education and advisement, in such wise as to result in the genetically more 
afflicted individuals, of their own volition, deciding to transmit, on the whole, 
fewer of their genes, by an amount at least sufficient to maintain the 
equilibrium. 

Now just as we judge of the total effect on the population of a reproductive 
practice that is carried on for a limited time by taking the corresponding frac- 
tion of the equilibrium effect which it would have if it were indefinitely con- 
tinued, so too we can best judge how much effect it would have when applied 
to only a limited section of the population, or even to just one individual, by 
extrapolating backwards, so to speak, from the equilibrium effect on the 
whole population. This gives us a criterion for justifying or condemning the 
given practice even in the most limited sphere of its application. For example, 
if 100 r, applied as an average to a whole population, indefinitely, causes a 
10% lowering of average fitness and a corresponding 10% increment of genetic 
deaths, then this 100 r applied to the germ cells of just one individual who will 
later reproduce by an average amount will cause, again on the average, a total 
lowering of fitness of his descendants equal to the lowering of fitness of one 
descendant by 10%, and will, correspondingly, give a 10% risk of one genetic 
extinction, occurring at some unknown point in his line of succession. Never- 
theless, if we have thereby raised the level of life of the exposed individual 
himself to such a degree that the effect, when averaged out over his own life- 
time, would amount to more than 10%, then we were in fact justified—pro- 
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vided we could not have attained this benefit by means that were safer for his 
descendants. And the same kind of considerations must be the guide in deci- 
sions concerning whether or not a given individual should undertake reproduc- 
tion, when he is known to have certain genetic shortcomings. 


20. The mutational load in relation to mental traits. 


It should be obvious that the same general principles apply to the inheritance 
of intellectual capacities and emotional proclivities as to the so-called physical 
traits. It is true that mental traits are in general much more modifiable, in 
their phenotypic expression, by the action of environment, including social 
environment of all kinds, such as community and family traditions, education 
and individual experiences. Yet, so far as the genetic basis of mental traits is 
concerned, the processes of mutation and selection and the laws concerning the 
rise and fall of gene frequencies, equilibria, etc., apply in the same manner. 
Moreover, it is likely that, in man especially, the number and complications of 
genes having to do with mental traits is exceedingly great, so as to result in a 
comparatively high mutation frequency, one requiring a considerable com- 
pensatory selection for the mere maintenance of equilibrium. 

In the case of mental traits even more than of those having to do with 
general health and vigor, there is reason to conclude that selection has greatly 
relaxed under modern conditions. In fact there is even evidence of a reversed 
selection in some important respects—a process which could much sooner lead 
to results that were marked enough to be detectable in the descendants. But 
whether or not there is a significant amount of reversed selection, it must be 
recognized that, as in the case of general health, the mutation rate cannot be 
raised, nor can selection be relaxed, without the equilibrium being altered in 
the direction of deterioration. And while we can for a time compensate for such 
a decline, as we are now doing, by better education and general environment, 
including the more efficient utilization of ability, still this would in the long 
run be a losing battle unless equilibrium were again allowed to be attained, and 
at a level sufficiently rigorous to allow the maintenance of these expert, easily 
mishandled euthenic operations. 

Most of us will agree that, for man, it is the world of mental life which 
counts by far the most, the rest being pretty much subsidiary. It is therefore 
evident that, if we ever come to weigh the relative values of different genotypes 
for reproduction, the genes concerned with mentality, could we estimate them 
at all, would on the whole have the higher priority. How inadequate even most 
scientists must feel, in this so-called scientific age, on reading of the new concep- 
tions of Einstein! Greater intellectual capacity, and along with it kindlier 
natural feelings, are surely the greatest biological needs of all humanity. And 
so, although we must assiduously seek out the knowledge of the principles that 
make the genetic basis of our physical health, and strength what they are, and 
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of means to improve them, we must not forget that the transmission of a few 
more genes for slight physical infirmities here and there are usually far more 
than compensated for when they happen to make possible some considerable 
betterment of the genetic basis of these mental characteristics. We must re- 
member too that in such cases, thanks to gene recombination processes, the 
genes will become reshuffled in subsequent generations, and we will thereby 
soon be relieved of the need for continuing the opportunistic compromise 
whereby the more precious elements were saved at the price of some physical 
defects. 

It follows from these considerations that, for mankind, we cannot take the 
old par values of nature, in respect to each trait, as the present or future opti- 
mum, but should, if we can, readjust the direction of aim of the genetic proc- 
esses. This revaluation is not merely of mankind’s choice. It is forced upon 
him if, merely to compensate for the interference which modern conditions 
“of themselves” work in the age-old equilibrium levels, he finally realizes the 
necessity of exercising some guidance over his reproduction. 


21. Survey of conclusions regarding the mutational load as affected by 
dominance. 


We have seen that the findings on the genetics of lower forms, particularly 
Drosophila, taken in connection with the facts already at hand from human 
genetics—between which fields there is remarkable agreement—have shown the 
total mutation rate to be much higher than usually imagined. Moreover, it is 
this total rate which determines the mutational load—counting even the 
smallest mutations as equal to the largest in their final detrimental action on 
the population. 

Secondly, the accumulated evidence concerning dominance, recently very 
much strengthened, has made it highly probable that the great majority of 
mutant genes exert their main detrimental action on the population in hetero- 
zygous condition, as weak but “effective” dominants, and that they are mainly 
eliminated through this heterozygous action. Acting as an effective dominant, 
each such gene has nearly twice as much total detrimental effect on the popula- 
tion as a complete recessive would have. This dominance however causes each 
mutant gene to persist in the population for a much shorter time, on the aver- 
age, than had previously been reckoned, although this time is still to be counted 
in hundreds or thousands of years, according to the case. 

As a result of the effective dominance, the effects of changes in mutation 
rate, such as might be produced by mutagenic agents, become manifested 
much earlier and more directly than had been reckoned when most mutations 
were dealt with in calculations as though they were complete recessives, even 
though the effects still accrue too slowly to be directly observable. Equilibria 
too are thereby approached more rapidly than reckoned before. Moreover, the 
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results in general are much less influenced by variations in the system of 
breeding than they were thought to be. 

As the dominance must usually be slight enough to allow a considerable 
number of reappearances in heterozygous condition, probably averaging tens 
of “reincarnations” even for many genes which when homozygous would be 
highly detrimental, it can be reckoned that practically every individual suffers 
from the disadvantage of possessing several or many slightly detrimental 
genes that attain some degree of expression and act to hamper him. Their 
number then is greater and their individual effect is smaller than if they had 
acted mainly as recessives. As a rule the resulting “abnormalities” will be 
minor inadequacies, of a nature similiar to the effects of adverse environmental 
conditions, more or less cumulative with the latter and therefore, like them, 
with symptoms that are usually more or less remediable; in fact, the same 
regimens or treatments should often work against them as are used to counter- 
act the purely environmental effects. Nevertheless, they are numerous enough 
to be collectively important, in the great majority of individuals, and, un- 
treated, they must lead to the “genetic death,” or extinction, of a sizeable 
proportion—at least some 20%, to be conservative, of the population. On the 
other hand, if these weaknesses are mitigated or ‘“‘cured” and in consequence 
proceed to perpetuate themselves to a greater degree than before, they must 
eventually, after very many generations, result in a new equilibrium, in which 
the population harbors and is being treated for correspondingly more of them 
than before, and in which there is again, despite all these treatments, just as 
large a proportion meeting genetic extinction as there was originally. At the 
same time, the amount of genetically caused suffering short of extinction will 
also have become comparable with what it had been originally. 

The existence of this small degree of dominance implies that selection, 
whether down or up, has been, despite its slowness, much faster working and 
more direct in man than it has usually been assumed to be. The phenotype 
thus becomes a better guide to the genotype, and detrimental genes can be 
eliminated more rapidly and more nearly to completion than on our previous 
view. Moreover, in the presence of positive selection too, change will be quicker 
and surer. In this connection it is especially to be noted that, on modern con- 
ceptions of dominance, it must have been changes of the more detrimental 
types which have come to have the more complete recessiveness. For in the 
case of detrimental mutations of lesser degree, unless they are merely lesser 
editions of other, more extremely detrimental mutant genes, there would have 
been correspondingly less selection for dominance of the normal type. Still 
more would this be the case, on the whole, with mutations of indifferent sur- 
vival value, and with those rare changes which are actually advantageous— 
that is, they would tend to have even more dominance in relation to the 
“normal” gene from which they originated. 
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In view of this dominance, it is not so strange that children often resemble 
their parents so markedly, and present such an apparent blend of the individual 
peculiarities of the two parents, even in those cases in which the children are 
derived from crosses between widely separated groups, who would have rela- 
tively few recessive mutant genes in common. Nor is it strange that the corre- 
lation between brothers and sisters is not so much greater than between parent 
and child. Again, it becomes more understandable why even the brother-sister 
crosses of Pharoahs, Incas, and some other peoples should have been as suc- 
cessful as they were, for there would be fewer hidden recessives. And it fits in 
with the findings of Halperin, that although the rare, extreme grades of mental 
deficiency do arise from parents who appear to have a nearly (although appar- 
ently not quite) normal distribution of intelligence, the much commoner, 
milder grades have parents who are on the whole distinctly below normal 
themselves. We do nevertheless contain many hidden mines, recessive lethals 
and strong detrimentals, capable of destroying our offspring, but they are 
neither as many nor as hidden as we had thought. 

The same considerations make more intelligible to us the results indicating 
that in the domestic and laboratory animals, which surely agree with us sub- 
stantially in these respects, selection for, say, larger size or racing ability or egg 
production, even when not combined with close inbreeding, has enabled us 
rather rapidly to advance towards our objectives. Dealing with numerous 
partially dominant genes, many of them with individually slight effects, we 
have not needed to know the exact genetic formulas, but could make much 
progress by simpler, more empirical and direct means, much as nature does 
but faster. 

Of course, in man as elsewhere, there will sometimes be a gene whose homo- 
zygous effect is excessive or even qualitatively detrimental, despite the fact 
that it is actually advantageous as a heterozygote. But, even so, this price is 
sometimes worth paying, when it gives us quickly what is much needed, and 
thus helps to tide the stock over until the gene in question can be “buffered,” or 
until a more reliable one can be substituted. 

There is a world of work to be done in the study of our mutations: of the 
causes which condition their origination, their comparative expressions as 
homozygotes and heterozygotes and in varied combinations with one another 
and with environmental conditions, their present total frequencies, the dis- 
tribution of frequencies among those with different grades and types of mani- 
festation, and the impact of conditions upon the selection of them. Moreover, 
the intensive studies of individual mutant genes must be pushed, for this is a 
requirement for learning more about the mutant genes in general and about 
the mechanisms of development and physiology. But it must be remembered 
that there are thousands, or even, counting multiple alleles, hundreds of thou- 
sands, of different mutant genes, each one with its own complications. And yet, 
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before the ideal exact knowledge of these genes considered individually and 
intensively is attained, we can already see in a general way how, through their 
more or less cumulative action, mainly as partial dominants, the child comes 
to resemble its parents and the idiosyncracies noted by the good old family 
physician and allowed for in his treatments do tend strongly to run in families. 

Thus, the ailments and infirmities caused by mutations, although they are 
perhaps not so often a “direct cause of disease,” or at least of the once rampant 
infectious diseases that are now rapidly being overcome, are nevertheless of 
vital importance to all of us. None of us can cast stones, for we are all fellow 
mutants together. In this connection, however, we may be glad that the harm- 
ful mutations have an appreciable degree of dominance, for this will make it 
more feasible to follow them up and to deal with them. At the same time, the 
benefits potential in the far rarer advantageous mutations must continue to 
constitute our ultimate biological hope. Thus it is an even more fortunate 
circumstance that (at least if our genetic theory is correct) the advantageous 


mutations have a higher average degree of dominance than the detrimental 
ones. 


GENERAL RESUME 


1. It is shown that, contrary to the view alleged to have been prevailing in 
medical circles, according to which mutation is virtually negligible as a cause 
of disease in man, it must in human populations that live in a state of approxi- 
mate genetic equilibrium be the differential cause of the death or failure to 
reproduce of between one-fifth and two-thirds of the persons who escape being 
killed before reproduction, or being prevented from reproducing, by other, 
purely extrinsic causes. 

2. The above conclusion is arrived at by the use of Danforth’s (1921) funda- 
mental theorem of genetic equilibrium. According to this, the frequency with 
which a given mutant characteristic is present in a population is equal to the 
frequency with which it arises by mutation, multiplied by the average number 
of generations during which a gene for the given characteristic has been able 
to manifest itself before being eliminated by reason of the disability it confers. 
Examples and extensions of the theorem are discussed. In applying it for the 
purpose of deriving the conclusion stated in the preceding paragraph, it was 
necessary to have estimates of the total mutation rate and of the usual amount 
of dominance. 

3. On the basis of existing data in man, supported by evidence from Droso- 
phila, the total human mutation rate is judged to be probably not less than 
one newly arisen mutant gene in 10 germ cells, on the average, and not more 
than one in 2 germ cells. 

4. Evidence is presented in support of the finding of Levit (1935, 1936) that 
the great majority of mutant genes in man have some degree of dominance. It 
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is shown that, both in Drosophila and in man, although most mutant genes are 
recessive in the sense of producing less than half as much aberration when 
heterozygous as when homozygous, nevertheless they are “effectively domi- 
nant,” in the sense that most of their total damaging effect on the population 
is exerted through their action while in heterozygous condition. 

5. The probable distribution of mutant genes with regard to the amount of 
detrimental effect which they produce when homozygous and when hetero- 
zygous is considered. It is estimated that, although “effectively dominant,” 
the mutant genes of a given locus usually produce, in any single individual, 
but a very small effect when heterozygous, but accumulate until they reach a 
reciprocally high frequency in the population, and so do as much total damage 
as if they were completely lethal. It is calculated that the average individual is 
probably heterozygous for at least 8 genes, and possibly for scores, each of 
which produces a significant but usually slight detrimental effect on him. (The 
number thus arrived at would vary greatly according to the exact grade of 
detriment at which the line was drawn between genes designated as signifi- 
cantly detrimental and those designated as practically indifferent for survival, 
in view of the high degree of accumulation of genes of the borderline kinds.) 
All the detrimental genes together tend to give each individual his own char- 
acteristic, more or less familial pattern of weaknesses, most of which however 
are not to be distinguished sharply from disabilities of environmental origin 
and which are intimately combined with the latter. 

6. The number of mutant genes in different individuals forms approximately 
a Poisson series. Those individuals who undergo genetic elimination, consti- 
tuting some 20% or more of populations living in a state of genetic equilib- 
rium, do not on the average have much more than one gene in excess of the 
survivors and are therefore not, as a group, markedly inferior to them. In 
correspondence with this, the great majority of individuals suffer from a geneti- 
cally occasioned depression of viability approximately great enough to result 
in a risk of extinction that is equal to the frequency of individuals who do 
become genetically eliminated in each generation. 

7. The above estimates of the frequency of extinction due to genetic causes 
and of the amount of depression of viability of the average individual apply 
only to a population living under the same conditions as those which existed 
while approximately the present gene frequency was being established (i.e. 
under the conditions for which it represents an equilibrium). The improve- 
ments in living conditions, medicine, etc. under our modern civilization must 
result in a saving for reproduction, at present, of a large proportion of those 
who under the earlier conditions would have been genetically proscribed, and 
in a corresponding mitigation of the effects of the genetic disabilities of the 
great majority of the population. 

8. If, as at present happens, the individuals saved for reproduction by these 
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procedures actually do reproduce, the mutant gene frequency will gradually 
rise in the direction of a new equilibrium level (probably not half attained a 
thousand years from now even if conditions remained constant in the interim). 
At the new level, despite the ameliorative measures, as large a proportion 
would again suffer genetic elimination as under primitive conditions, while 
those not eliminated would again be as much afflicted as originally. A much 
greater proportion of their time and effort than at present would then be ex- 
pended in the attempt to counteract their accumulated internal disabilities 
(which would amount to lethality for the great majority of them if they again 
had to live under primitive conditions), rather than difficulties of external 
origin. It is unrealistic to suppose that technique could continue to advance 
indefinitely to such an extent as to avoid this denouement. 

9. It is shown that the only means by which the effects of the genetic load 
can be lightened permanently and securely is by the coupling of ameliorative 
techniques, such as medicine, with a rationally directed guidance of reproduo 
tion. In other words, the latter procedure is a necessary complement to medi- 
cine, and to the other practices of civilization, if they are not to defeat their 
own purposes, and it is in the end equally as important for our health and well- 
being as all of them together. Under this procedure, if it is to be successful in 
attaining its objectives by means consistent with its aims, the equilibrium 
quota of detrimental genes must become eliminated as a result of voluntary 
decisions and not as a result of failure in a struggle for existence. 

10. It is also shown, with the aic of a numerical illustration, that highly 
developed knowledge of human genetics would, theoretically at least, make 
possible the elimination of the necessary quota of mutant genes by means of 
the abstention from reproduction of a much smaller proportion of individuals 
than that proportion (equal to nearly twice the mutation rate) whose elimina- 
tion is required for equilibrium under ordinary natural selection. This would 
be made possible by the systematic choosing, for such abstention, of individuals 
having an especially high excess of mutant genes, beyond the average number. 

11. A long-term increase in the mutation rate, if of moderate degree, would 
eventually result in a proportionate increase in the genetic load (e.g., a doubled 
rate would double the load), if the load were expressed in terms of either the 
proportion of the population suffering genetic elimination or the amount of 
disability suffered by the average individual. 

12. If the long-term increase were of more than moderate degree, however, 
the mutation rate might have exceeded the “critical value”, beyond which 
equilibrium was impossible and extinction of the population was (if the condi- 
tions continued) inevitable. For the usual mutation rate of man must be not 
far below the level which would have been critical under primitive conditions 
of reproduction. But in the presence of the low rate of reproduction prevailing 
among most of the technically advanced peoples, the present mutation rate 
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must be very nearly at or is perhaps even beyond the value which is critical 
in this situation. Under these circumstances even a moderate increase in muta- 
tion rate, such as one of 25%, might be more than could be tolerated indefi- 
nitely. 

13. The use of ionizing radiation and of radioactive materials is increasing 
and promises to continue increasing to such an extent, both in medical treat- 
ment and diagnosis, and in commerce and industry, even without considering 
military affairs in this connection, that unless more caution is exercised than at 
present the majority of the population may in each successive generation 
have its gonads exposed to enough radiation to raise the mutation rate by a 
significant amount, such as 25% or 50%. 

14. How much a given exposure increases the mutation rate is a matter that 
cannot readily be determined by observations on human or other indiscrimi- 
nately breeding populations. Even a quadrupling of the mutation rate, occur- 
ring throughout a whole population for just one or a few generations, would 
probably affect the viability of the descendants in too scattered a manner (see 
paragraph below) for these effects to be distinguished from those of uncon- 
trolled circumstances. Moreover, vast numbers would be necessary for the 
finding of statistically significant differences in the frequency of clear-cut 
mutational abnormalities. 

15. Yet despite the fact that the evidence of a short-term rise in mutation 
rate is so hidden, the total amount of damage caused to all later generations 
by even a moderate rise, confined to one parental generation, would if gathered 
together be seen to be enormous. Thus only a 25% rise in mutation rate for 
one generation would, in a population of 100,000,000 per generation whose 
usual spontaneous rate was only 1 mutant gene in 10 germ cells, cause the 
eventual “genetic death” of 5,000,000 individuals, scattered throughout scores 
of generations. It would probably cause, in addition, hundreds of millions to be 
slightly more afflicted than they would otherwise have been, i.e. to have their 
viability lowered by an average of some 2 or 3%. These effects are hidden only 
because distributed over so many generations and because so intermingled with 
those of other factors. Moreover, once the mutations have been produced, they 
will take their eventual toll despite all counteracting measures that may here- 
after be instituted, short of a consciously directed selection. 

16. The total effect eventually exerted, over the course of an unlimited 
number of generations, by a given one-generation rise in mutation rate, al- 
though hidden from view, is quantitatively the same as the effect which would 
be observable in any single generation if an increased mutation rate of the 
same magnitude were indefinitely continued and equilibrium for it had been 
reached. Similarly, the total average magnitude or risk of effect in subsequent 
generations when only a small part of the population or even one individual 
has had his mutation rate raised is proportional to the above mentioned effect 
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which would be observable in one generation in an entire population that had 
reached equilibrium for the given rate, and may be expressed in terms of the 
probable number of descendants meeting genetic extinction or of the corre- 
sponding total amount of genetically occasioned affliction. These values for a 
given number of r units applied to human material remain to be determined, 
however, and until they are we cannot well judge of the value or disadvantage 
of procedures which, in helping the immediate generation, cause an unknown 
amount of damage to subsequent ones. 

17. Attention is called to social obstacles which tend to prevent the medical 
and lay public, educators, and administrators from recognizing the above 
principles and from taking steps to modify current attitudes and practices in 
accordance with them. In this connection fundamental educational reforms— 
the institution of which, unfortunately, is subject to the same hindrances—are 
needed. 

18. It is pointed out that mental traits are subject to the same principles 
regarding mutational load, selection, equilibrium, etc., as have been reviewed 
above for physical traits but that, being more important for man, they should 
be given first priority. 

19. A number of important changes in our point of view regarding genetic 
processes in man are called for by consideration of the fact that most mutant 
genes have a certain degree of dominance, usually enough to be “effective’’, 
and probably greater in the case of the less detrimental mutant genes than of 
the more detrimental ones. It is seen, for example, that equilibria, though still 
very slow of attainment, are not nearly as long delayed as on the older view; 
that selection, both negative and positive, is more effective and rapid in its 
action than had been thought; and that the amount of inbreeding practiced 
becomes a matter of somewhat lesser consequence. In general, previous dis- 
cussions and calculations will require major revision, in order to be brought 
into line with this altered genetic outlook concerning dominance. 
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Heredity of the Rh Blood Types 


IX. Observations in a Series of 526 Cases of Disputed 
Parentage! 


ALEXANDER S. WIENER 
Serological Laboratory of the Office of the Chief Medical Examiner, New York City 


Tue medicolegal application of the Rh-Hr blood types in cases of disputed 
parentage has been the subject of a number of preceding papers (Wiener, 
1945a, 1945, 1946; Wiener & Sonn, 1946; Alvarez, 1948). The application of 
blood tests in such cases is dependent on knowledge concerning the mechanism 
of the hereditary transmission of the blood types. The theory of Wiener 
(1943) that the Rh-Hr blood types are inherited by a series of multiple allelic 
genes has received support from studies on family material, and from the 
statistical analysis of the distribution of the blood types in various popula- 
tions. These studies have proved the reliability of the Rh-Hr tests, so that 
for the past several years these tests have been applied by us routinely along- 
side the A-B-O and M-N tests in cases of disputed parentage. 

The purpose of the present paper is to analyze the results of blood tests 
in a series of 526 cases of disputed parentage. As part of the analysis, the 
chances of excluding paternity when a man has been falsely accused will be 
calculated, and a few cases of special interest will be presented in detail. 
While in all 526 cases the paternity of the child was disputed, there was no 
doubt about the maternity of the children except in two cases. Accordingly, 
excluding these two cases, and by analyzing the blood types of the mothers 
and their children, further data are obtained for testing the theories of heredity 
of the blood types. Moreover, the statistical analysis of the distribution of 
types among unrelated adults also serves as a test of the genetic theories. 
As will be shown in this paper, the results of these investigations provide 
additional evidence supporting the theory of multiple allelic genes to account 
for the hereditary transmission of the Rh-Hr blood types. 


MATERIALS AND METHODS 


The cases studied were mostly cases of disputed parentage referred by the Court of 
Special Sessions of New York City, and involving children born out of wedlock. There 
was also a considerable number of cases involving married couples who were referred by 
the Supreme Court or Family Court, or who came to the author as private patients. In all 
of these cases, the individuals involved were interviewed and the blood specimens were 
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drawn by the author personally. A number of additional cases were referred by physicians 
or courts from other states. In the latter cases the bloods were usually sent by mail. 

In view of the special nature of the cases, all tests were done on duplicate blood speci- 
mens and the tests were repeated a second time using a different set of sera (except in the 
case of tests with the rare sera anti-rh” and anti-hr’’, where tests were repeated using the 
same antisera). Thus, every blood specimen was completely tested at least four times. 
In cases where paternity was excluded, the participants were recalled whenever possible, 
and the tests repeated on a fresh set of blood samples. Moreover, wherever the results 
were at all unusual or atypical, the findings were verified by repeating the tests several 
times with multiple controls. The antisera used in the tests were of specificities anti-A, 
anti-B, anti-A,, anti-M, anti-N, anti-Rho, anti-rh’, anti-rh’’, anti-hr’, anti-hr’’, and anti- 
rh”, respectively. However, not all blood specimens were tested with the antisera hr’’ and 
rh*, because these reagents were not available at the beginning of the study. 


TABLE 1. Cases OF DisPUTED PARENTAGE 
Caucasoid 

a) Putative father, mother, one child 

b) Putative father and child 

c) Putative father, mother, two children 

d) Others. ... 


Total Caucasoid....... 
Negroid 
a) Putative father, mother, one child 
b) Putative father and child. ... 
c) Putative father, mother, two children. . . 
d) Others 


In table 1 the cases studied have been classified according to race and the number of 
persons involved. It will be seen that there are 425 cases involving Caucasoids, and 98 
cases involving Negroids, while 3 cases are not classified. The bulk of the cases (471 cases) 
involved a man, woman, and child. In 11 cases where the mother was not available, only 
the man and his supposed child were tested. In 25 cases two children were involved. The 
remaining 19 cases included instances in which two men were tested, cases with three or 
more children, and two cases in which the maternity of the children was disputed. 

When the individuals presented themselves, the circumstances were as a rule not known 
to the author. The author took care never to ask questions in order to maintain his po- 
sition as an unbiased, scientific consultant. After the tests were completed, whenever pos- 
sible inquiry was made as to the final disposal, but in most cases the final outcome is not 
known. 

RESULTS 


The space available does not permit the listing of all 526 cases, so that in 
table 2 we have listed only those cases in which the blood tests excluded 


Putative father Negroid, mother Spanish.....................0..000000000004--. 1 
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TABLE 2. List oF CASES IN WHICH PARENTAGE WAS EXCLUDED, BASED ON A SERIES OF 
526 Bioop Test CASES 


| | 
g | PUTATIVE FATHER 


a) A\MRh,Rh: | OMNRhirh 
b) OMNRh,Rh:| 


CASE CHILDREN 
NUMBE! 


MOTHER | INTERPRETATION 


| Putative father (b) excluded by 


A-B-O tests for child (c). No 
exclusion possible for the 


a) OMRhRh; 
6) OMRhRh; | 


c) AMRhRh | 


AsMNRhz 
A2,Mrh 
A,MRh) Rh, 
A, MRh, Rh, 


a) AeM Rh, Rh, 


b) BMNrh 
A,MNRhz 
ONRhirh 


A, NRh,Rhe 


ONRhirh 


A:sBMNRhRh; 


A:sNRh2 
A,NRh) Rh; 


ONRhirh 
A,NRh,Rh, 
A,BMNRhyrh 
| OMNRh,rh 
OMNRh,Rh; 
| 2) OMRh, Rh; 
| 6) A,Nrh” 


A,M NRhrh 


| AAMNRh Rh; 

A,BMNrh 

BMNRhyrh 

| AMNRhRh, 
OMNRh,Rh, 

BMrh 


| OMRhirh 
ONRh: 


| OMNrh 
| A, NRhirh 


AsNRhirh 


A,NRh Rh; 
OMNRhirh 
A: MRhRhe 
BMNRh,Rh; 


OMNRh,Rh, 
ONRh:» 


OMrh 


A, NRhirh 
OMNRhirh 
OMRh;rh 
A:iMNRhi Rh 


ONrh” 
A, BMNRh, Rh; 


AiMRhirh 
OMNRhirh 


| OMNRh, Rh, 


A,MNrh 
AeMrh 


A,MNRbirh 


A,Nrh 
| 
| OMRh,Rhe 
A:,BMNRkorh 
| A, NRhirh 
OMNRhirh 


| AUMNRhe 
| OMNRH Rh 


BMrh’rh 
A, MNRh, Rho 


BMNRh,Rh: 
Ai,MNRhRh: Q 
OMNRhy &* 
A,\MRh; 
AsBMRhRh; 


BMNRhyrth 
a) ONRhRh: 
b) 
OMrh 9 


A\MNRhRh; 
A,MNRhRh; 
OMNRh,Rh; 
a) BMNRh, Rh; 
b) AAMNRh, Rh; 
BMNrh 9 


AiMRhirh 
A,MNRh)Rhz 
OMNRhirth 9 
AiMRh:Rh, 2 
A,\MNrh 9 
Ai,MNrh 


a) OMRh,Rh; 
b) AABMNRhp 


| ABNRhirh 


A\MRh, Rh 
A\MNRhyrh 
A,MNRh:Rhz 


| ABNRhrh 
| ONRHRh 


ONRh: 


| AiM Rh,Rh; 


| AiMrh 9 
| ABBMRh,Rhe 


other two children. 

Exclusion by A-B-O tests. 

Exclusion by Rh tests. 

Exclusion by Rh-Hr tests. 

Exclusion by Rh-Hr tests. 

Putative father (6) excluded by 
A-B-O and Rh-Hr tests. 

Exclusion by A-B-O tests. 

Child (0) excluded by A-B-O 
tests. 

Exclusion by M-N tests; pre- 
sumptive exclusion by Rh 
tests. 

Exclusion by Rh tests. 

Exclusion by A-B-O tests. 

Exclusion by A-B-O tests. 

Child (a) excluded by A-B-O 
tests and Rh-Hr tests. 

Triple exclusion by A-B-O, M- 
N, and Rh-Hr tests. 

Exclusion by M-N tests. 

Exclusion by Rh tests. 

Exclusion by A-B-O tests. 

Exclusion by A-B-O tests. 

Exclusion by Rh-Hr tests. 

Putative father (a) triply ex- 
cluded by A-B-O, M-N, and 
Rh-Hr tests. 

| Child (a) excluded by Rh-Hr 
tests. 

Child (6) excluded by A-B-O 
tests. 

Exclusion by A-B-O tests. 

Exclusion by Rh-Hr tests. 

Exclusion by A-B-O tests. 

Exclusion by Rh-Hr tests. 

Exclusion by A-B-O tests. 

Double exclusion by M-N and 
Rh-Hr tests. 

Exclusion by M-N tests. 

| Triple exclusion by A-B-O, M- 

N, and Rh-Hr tests. 

| Exclusion by A-B-O tests. 

| Double exclusion by A-B-O 

tests and M-N tests. 


| | 
2 | 
3 | | 
4 | 
5 | | | 
| 
| | | 
| 
8s | | | 
} 
| 
9 | | 
| | | 
| 
| | 
11 | 
12 | 
13 | 
| | 
| | 
15 | 
il 
17 | | 
18 
20 
| | 
| | | 
2 | | 
23 | 
24 | 
25 | 
26 
28 
29 
30 
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TABLE 2—Continued 


PUTATIVE FATHER | 


OMNRh,Rh; 


M NRh,; rh 
OMRhgrh 
ONRh,Rh, 


AiMNRho 
A, BNRh Rh 


OMNRhirh 
BMNRh: 


OMRh» 
OMNRhirh 
A:MRherh 
A.B MNRh,rh 
A, MRh, Rh, 


BMrh 


OMNRhirh 

OMNRh, Rh; 

Family #1: 
AiMRh; 


Family # 2: 


OMNRh»p 


a) OMRhirh 
BNRhyrh 
A,:NRh, Rh, 


ONRh» 
A.MNRhj rh 


A,MNRh, Rh, 

OMNRh» 

OMNRh Rh; 
OMNRhirh 


| BMRhirh 


Ai NRh, rh 
ONrh 
A,\MNRhRh; 


OMRho 
OMNRhirh 


ONRh, Rh: 
BMrh 


ONrh’rh 
A:NRh Rh 
OMRh,Rho 
BMRh,Rho 
ONRhyrh 
OMNRh,Rh,; 


OM NRhrh 


ONRh, Rh, 
OMNrh’rh 


Ai NRh, Rh, 


Ai MN Rhyrh 
OMNRh:Rh: 


ONRhRh, 


A:NRh: Rh; 
A: BMrh’rh 


A:MNRh,Rh, 
OMNRhzerh 


A:MRh,Rh, 
OMNRh»p 
OMRhiyrh 
OMNrh 


A,MRh}rh 


CHILDREN 


INTERPRETATION 


AiBMNRh: 


AiNRh: 
OMNRhirh 9 


OMNRh: 9 
a) OMNRh Rh; 
b) OMNRh Rh; 


AiNRh: 
A,MNRhyrh fou 


ONRhy 
A\NRh Rh 9 
OMRhRh, 
A:BMRh,Rh; 
ONRhyth 

A: NRhyrh 


ONRhRh; 


BMNRh;rh 9? 
ONrh 9 


a) AMNrh 
b) AMNRh, Rhy 
at 


A,MNRh,Rh,; 
a) OMRh,Rhy 9 
b) OMNRh,Rhy 
c) OMRh,Rhop 
OMNRh,rh fou 


AiMNRhRh; 
a) AA2BMRh,Rho 
b) AMRh,Rhe 
OMRhyrh 
BNRhith 9 


A,MNRhyrh 
ONRhith 
OMrh 
A:MRherh 


a) BMrh 9 


Double exclusion by A-B-O 
tests and Rh-Hr tests. 

Exclusion by Rh tests. 

Exclusion by Rh tests. 

Triple exclusion by A-B-O, M- 
N, and Rh-Hr tests. 

Exclusion by Rh tests. 

Child (a) excluded by A-B-O 
tests. 

Child (5) excluded by A-B-O 
and Rh tests. 

Exclusion by A-B-O tests, 

Double exclusion by A-B-O and 
Rh tests. 

Exclusion by M-N tests. 

Exclusion by tests. 

Exclusion by Rh-Hr tests. 

Exclusion by Rh-Hr tests. 

Exclusion by A-B-O tests. 

Double exclusion by M-N tests 
and Rh-Hr tests. 

Double exclusion by M-N and 
Rh-Hr tests. 

Exclusion by A-B-O tests. 

Exclusion by Rh-Hr tests. 


Hospital mix-up. Twin (a) ex- 
cluded by Rh-Hr tests. 


All three children excluded by 
Rh-Hr tests. 


Putative father (6) excluded by 
MSN tests. 

Exclusion by M-N tests. 

Child (a) excluded by 
tests. 

Exclusion by M-N tests. 

Double exclusion by A-B-O and 
Rh-Hr tests. 

Exclusion by Rh-Hr tests. 

Exclusion by Rh-Hr tests. 

Exclusion by Rh-Hr tests. 

Double exclusion by A-B-O and 
Rh-Hr tests. 


| Child (5) excluded by Rh-Hr 
b) AiMRh? Rho | 


tests. 


180 
| | | 
35 
= 
| | 
40 
41 
42 
43 
45 
‘8 
49 
51 
Sot | | 
sot | | | 
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TABLE 2—Continued 


CASE 
R MOTHER 
NUMBER PUTATIVE FATHE! 


CHILDREN INTERPRETATION 


| 
61¢ | ANRherh | A.Mrh 


62T 
63t 


65T 
66t 


71T 
73* 


74* 
75* 
76* 


78* 
80* 


8i* 

82*t 
83*t 


86* 


A,BMRh,Rh; 


A:MNRh Rh; 


BMNRIorh 
A:NRh,Rho 
OMRh,Rh, 


ONRhirh 


OMRh,Rh,; 
BMNRhyrh 


BMNRBA,Rho 
OMRho 


a) AsMRho 
b) OMNRhe 
ONRh]yrh 
OMrh 
A.NRhrh 


OMNRhirh 
Rh 
A: MNrh 
OMNRhpo 


BNRho 
AiMRho 
A:BNRherh 
AsBNRhy 


OMNRh, 
ONRho 


| AyMNrh 


| 

| AsMRhgth 
| AiMRhy 

| A,NRhrh 


| 


ONRh, Rhy 
Ai MN Rhirh 


Ai MN Rh,rh 
BN Rherh 
A:NRhrh 
BNRh; 

BM NRhrh 
OMRho 
Ai2NRho 
A,MRh,Rh; 
ONrh 
ONRherh 
OMNrh 
OMNRh, 
OMNRhirh 
OMNRh»p 


AsMNRho 


OMRh» 


A, MNRh;Rhe 


OMNRhRh 


| a) t 


6) OMNRherh 9 
t 

OMRi,Rho 9 

A,MRhrh 9 

a) ONRhirh 9 

b) A,Nrh 9 


A:NRhRh; 
AiMRh,Rhy 


ONRh};rh 

a) 
b) ONRhyrh 
c) Rh 
AiNrh 9 


AsMNRhyrh 2 
As:BMRhrh 


OMRho 
Ai 2MNRhirh 
BMRhRh 


AiNRho 
o 
A,NRhrh 
A,:NRhe 


A.NRh: 
ONRh;rh 
ONRhirh 


a) AcBNRho g 
b) A2ANRho 
c) OMNRh»p 
AiMNRhy 9 
OMNRhRh, 


Exclusion by M-N tests. 

Exclusion by A-B-O tests. 

Both twins excluded by Rh-Hr 
tests. 


Exclusion by Rh-Hr tests. 

Exclusion by M-N tests. 

Child (a) excluded by M-N 
tests. 

Child (6) doubly excluded by 
M-N and Rh-Hr tests. 

Exclusion by Rh-Hr tests. 

Double exclusion by M-N and 
Rhb-Hr tests. 

Exclusion by M-N tests. 

Maternity excluded for child 
(c) by M-N and Rh-Hr 
tests. 

Paternity improbable, accord- 
ing to Rh-Hr tests. 

Double exclusion by A-B-O and 
Rh tests. 

Putative father (6) excluded by 
A-B-O tests. 

Exclusion by M-N tests. 

Exclusion by Rh tests. 

Double exclusion by A-B-O and 
M-N tests. 

Exclusion by A-B-O tests. 

Exclusion by Rh-Hr tests. 

Exclusion by Rh tests. 

Double exclusion by A-B-O and 
Rh tests. 

Exclusion by A-B-O tests. 

Exclusion by M-N tests. 

Double exclusion by A-B-O and 
Rh-Hr tests. 

Paternity excluded for child (c) 
by A-B-O tests. 


Exclusion by A-B-O tests. 
Exclusion by Rh-Hr tests. 


* Cases indicated by asterisks involve Negroids; all other cases involve Caucasoids. 
T In these cases, tests were made for rh” factor. 
t Twins. 


[= 

| 

| = 
LC 
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parentage. The table is self-explanatory, but a few cases of unusual interest 
will be presented in detail. 


Case 20. In this case, the question arose whether the husband or another man was the 
father of a child born in wedlock. As shown in the table, the husband is excluded on three 
counts, so that if the wife’s story can be believed that she had relations with these two 
men exclusively, the lover is the father of the child in question. Firstly, the mother belongs 
to subgroup A: while the baby belongs to subgroup Aj; therefore, the husband who belongs 
to group O cannot be the father while the lover who belongs to subgroup A; is not excluded. 
Secondly, the mother belongs to type M, and the baby to type MN, so that the husband 
who belongs to type M is excluded, while the lover who belongs to type N is not. Finally, 
since the baby belongs to type rh, the husband who belongs to type Rh,Rh, cannot be the 
father while the lover who belongs to type rh”’ is not excluded. The final outcome in this 
case, which had been referred by a physician in Wisconsin, is not known. 


Case 49. This unusual case has already been reported in detail by Drs. Franceschetti, 
Bammater and Klein (1948). The blood specimens were submitted to the author and other 
workers for examination because the results of the A-B-O and M-N tests were inconclusive. 

The father of a pair of five year old twins, who did not look alike, while at a party no- 
ticed a boy of five years of age who looked like one of his twins. Inquiry revealed that this 
boy had been born in the same hospital as the twins, and on the same day, and the pos- 
sibility presented itself that there might have been an interchange. As shown in the table, 
the boy in question and the twin he resembled both belonged to type A.:MNRh,Rh». On 
the other hand, the dissimilar “twin” belonged to type rh, and so cannot be the child of 
the mother of the twins who belonged to type RhiRh;. We have been informed that the 
two boys who had been interchanged in the hospital have now been restored to their right- 
ful parents by order of the court. 


Case 70. This case was referred by Dr. C. W. Cotterman, and the results given in table 
2 confirm and extend his own findings. The problem involved a couple who had three chil- 
dren, the youngest of whom is said to have been kidnapped by a nurse. After some six or 
seven years had elapsed, the parents observed in a foundling home a child of the same age 
that their baby would have been if alive, and who resembled the father. This they claimed 
must be their missing baby. However, blood tests provided double proof that the woman 
is not the mother of the child in question. Firstly, she belongs to type N and so cannot be 
the mother of the child who belongs to type M. Secondly, she belongs to type Rh: so cannot 
be the mother of the child who belongs to type Rh:Rh;. On the other hand, it will be noted 
that the blood types of this couple match satisfactorily with the two children who are 
admittedly their own. 


While this manuscript was in preparation, additional cases were studied 
which were not included in the original report. Two of these newer cases are 
so interesting and instructive that they are described below. 


Case I. Two men presented the following problem. One was the father of two children, 
and his wife was now pregnant for the third time. The problem was whether the husband 
or the other man was the father of the baby soon to be born. The bloods of the two men 
and the expectant mother were typed, and as soon as the baby was born its blood was 
tested. The following are the results of these tests. 
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onan | GROUP AND SUB- | 


| GROUP M-N TYPE Rh-HrtyPe | P FACTOR 


Husband. . As 
Wife. 

Baby girl. 

Other man.... 


| 

| 

| 

| 

| 

| 

| 


It is clear that no decision is possible on the basis of the A-B-O, M-N, or P tests. With 
regard to the Rh-Hr tests, the mother and baby are both type rh, genotype rr. One of the 
baby’s r genes is obviously derived from the mother, the other from the father. If the hus- 
band were really the father, one would have to assume that he belonged to the rare geno- 
type Rr. On the other hand, the other man belongs to type Rho, and most Caucasoids of 
this type belong to genotype R°r. The plausible conclusion was, therefore, that the other 
man and not the husband was the father of the baby. To solve the problem more definitely, 
the older two children were typed and both proved to be AAMNRhorh. Accordingly, the 
father had to possess an R? gene and therefore did not belong to genotype R*r. This defi- 
nitely excluded him as the father of the third child. 

An interesting sidelight of the case is the following. The relationship between the two 
men was very amicable, and they shared all expenses equally. It was agreed that since the 
other man is the father of the child, he will adopt it without informing his wife of the cir- 
cumstances. In order to avoid comment from the mother’s relatives, the baby will be sent 
to an institution supposedly because it is ill, and presumably the relatives will be led to 
believe that the baby failed'to recover. 

Case II. This was a paternity proceeding involving two children born out of wedlock, 
one a girl born in 1944, the other a boy born in 1946. The following were the results of the 
Rh-Hr tests. 


Rh-Hr Types 
BLOOD OF 


Phenotypes Genotypes 


Putative father R'R?, R'r”, Rr’, R*R®, or Rory 
Mother rr 


R'r 


It is evident that as far as the Rh-Hr tests are concerned, the accused man could be the 
father of the girl or the boy, but mot both. Further light was thrown on this problem by the 
A-B-O and M-N tests as shown below. 


BLOOD OF A-B-O Group M-N tTyPEs 


Putative father. ... O 
Mother. .... Ai 


Boy Oo 


Thus the accused man is clearly not the girl’s father, though he could be the boy’s father 
as far as the blood tests are concerned. 


M | RhsRho | Neg. 
MN rh Neg. 
M | rh Neg. 
M Rhy Neg. 
Girl... .. rh’rh 
M 
| M 
MN 
M 
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STATISTICAL ANALYSIS 


In this section the distributions of the A-B-O groups, M-N types and Rh- 
Hr types among the putative parents will be analyzed in order to test the 
various genetic theories. For this purpose the data have been divided into two 
major groups comprising 845 Caucasoids and 200 Negroids, respectively. 


TABLE 3. DistRIBUTION OF BLoop GRouPS AMONG PUTATIVE PARENTS 


CAUCASOIDS NEGROIDS 
GROUP AND SUBGROUP 


Number Percent Percent 


42.20 


| 
oun 


TABLE 4. A-B-O GENE FREQUENCIES CALCULATED BY SQUARE Root FoRMULAE 


FREQUENCIES OF GENES AMONG 


OBSERVED OBSERVED 


AB =2X [8 5.08 


AB 


A-B-O groups and subgroups. In table 3 the putative parents have been 
classified according to their A-B-O groups and subgroups. While there are 
significant differences between the Negroid and Caucasoid groups, these dif- 
ferences are not very striking except in the case of the rare intermediate sub- 
group A;,2 which is about seven times as frequent among the Negroids as 
among the Caucasoids. The relatively high frequency among Negroids of the 
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rare subgroup Aj,» has been pointed out by the author previously (Wiener, 
1943a, 19460). It is of interest to note that there was one individual belonging 
to the rare subgroup A; among the Caucasoids tested in the present series. 

The gene frequencies have been calculated from the distribution of the 
phenotypes with the aid of the following formulae (cf. table 4). 


IP =Vo (1) 
(2) 


It = Va,+0- VO (3) 


It = VA, +A; +0—-— VA, +0 (4) 


IM? = + Ar + As +O — + As + 0 (5) 


It = V/A, + Ane + As + As +O +A, +O ©) 


The theory of multiple alleles can be tested by adding up the calculated 
gene frequencies in order to determine whether the sum differs significantly 
from 100 percent. As shown in table 4, the sum of gene frequencies, both for 
Caucasoids and Negroids, so closely approximates 100 percent that it is 
hardly necessary to calculate the probable error of the difference. As another 
test of the theory, the expected frequency of group AB can be calculated by 
the frequencies of genes J* and J® as shown in table 4. Here again, the calcu- 
lated and observed values agree very satisfactorily. A third test of the theory 
can be made by determining the ratio of the frequencies of subgroups A,B 
and A,B, which should be equal to the ratio of the corresponding gene fre- 
quencies J“! and J4?, Here the agreement is satisfactory for the Caucasoid 
group, but not for the Negroid group, but in the latter case the number of 
individuals is small. All in all, therefore, the data satisfactorily support the 
theory of multiple alleles in relation to the A-B-O groups and subgroups. 

In calculating the gene frequencies for the A-B-O groups, as well as for the 
M-N and Rh-Hr types to’ be discussed later, only the parents have been 
counted, the children being excluded. Whether or not the tests exclude pa- 
ternity, the putative father may in every case be assumed to be “‘unrelated”’ 
to the (putative) mother. Thus, the genes possessed by them are independent 
and may be counted without correction of any kind. In general, when calcu- 
lating gene frequencies from family data, more precise estimates can be de- 
rived by counting both parents and children and assigning certain weights to 
the combined observations (Fisher, 1940; Cotterman, 1947; Finney, 1948a, 5). 
But the fact that the present data includes “families” in which paternity 
is always in dispute makes for further complications, so that no better method 
is now available than to discard all relatives (the children) in each case. 
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M-N types. In table 5 are presented the distribution of the M-N types among 
846 Caucasoids and 200 Negroids tested. In conformity with the previous 
observations, the difference between the distributions in the two groups is 
small, and not significant statistically. It is of interest that one individual 
among the Caucasoids belonged to the rare type MN2. 

Two simple calculations are available to test the genetic theory of Land- 
steiner and Levine (1928). Firstly, the frequency of type MN can be calcu- 


TaBLe 5. DisTRIBUTION OF M-N Types 


CAUCASOIDS NEGROIDS 
TYPES 
Number Percent Number Percent 
re. * 253 29.91 46 23.0 
Re 168 19.86 51 25.5 
ee 424 50.12 103 51.5 
1 0.12 0 
| Rae 846 100.00 200 100.0 
Gene Frequencies 
NEGROID 
[M = 55.03 48.75 
N 
IN=N+ 44.97 51.25 
OBSERVED EXPECTED OBSERVED | EXPECTED 
MN = 2X L¥ xX LY 50.24 49.49 51.5 | 49.96 
[IM = /M 54.69 47.96 
y= 44.56 50.49 
VM+VN 99.26 98.45 


— 


lated from the frequencies of the genes LM and LY, respectively; as shown in 
table 5, the observed and expected values agree closely. Secondly, the sum, 
VM + V7 N should not differ significantly from 100 percent; as shown in 
table 5, here again the expectations are satisfied. 

Therefore, these observations provide additional evidence confirming the 
theory of Landsteiner and Levine regarding the heredity of the M-N types. 

Rh-Hr types. The Rh-Hr types of the 844 Caucasoids and 200 Negroids 
tested by the author in this study are presented in table 6; these are the data 
with which we are especially concerned in this paper. The findings in this case 
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are of greater interest because of the larger number of types, so that the situa- 
tion is more complicated than for the A-B-O groups and M-N types. 
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TABLE 6. DISTRIBUTION OF Rh TyPES AMONG PUTATIVE PARENTS 


187 


CAUCASOIDS NEGROIDS 
Rh-Hr 
Number Percent Number Percent 
0.47 1 0.5 
Rhy variants 
0 2 1.0 


RH” FACTOR: Caucasoids (173 tests), rh” pos. = 4.6%. Negroids (39 tests), rh¥ pos. = 0. 


TABLE 7. RH GENE FREQUENCIES CALCULATED BY SQUARE-ROOT FORMULAE 


GENES CAUCASOIDS NEGROIDS 
OBSERVED EXPECTED OBSERVED EXPECTED 
22.39 21.77 2.0 2.30 
(129 tests) (57 tests) 
2.18 | 1.86 1.76 0.80 


| 


R'™ gene: Caucasoids (173 tests), R!¥ = 2.4%. Negroids (39 tests) R'* = 0. 


It will be seen that the difference between the distributions of the Rh-Hr 
types among Negroids and Caucasoids is quite striking. The most striking 
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difference involves the type Rho, which is about 13 times as common among 
Negroids as among Caucasoids. On the other hand, type Rh;Rh, is about 11 
times as common among Caucasoids as among Negroids. The differences in 
the frequencies of the remaining types are smaller though significant. One 
individual of the rare type Rh,Rh, was encountered among the Caucasoids; 
none among the Negroids. With regard to the Rhy variants (Wiener, 1944; 
Race et al., 1948), which are characterized by their weak reactions with anti- 
Rhy serum, four such individuals were encountered among the Negroids, and 
none among the Caucasoids. This confirms the author’s previous observations 
(Wiener ef al., 1945) concerning the relatively higher incidence of “‘inter- 
mediate” Rh types among Negroids as compared with Caucasoids. 

Only 212 bloods were tested with anti-rh¥ serum, because this reagent did 
not become available until most of the study had been completed. While 
4.6 percent of the Caucasoids tested gave positive reactions, all of the Negroids 
tested lacked the rh” factor. Only 186 individuals were tested with anti-hr’ 
serum, and the analysis of these results is given in table 7. 

The theory of multiple alleles can be tested by calculating the gene fre- 
quencies from the frequencies of the phenotypes, and then determining whether 
the sum of the calculated gene frequencies differs significantly from 100 per- 
cent. This has been done with the aid of the following formulae. 


r= (7) 
= Vth’ + rh — Vrh (8) 
= Vth" + ch — Vrh (9) 

R° = VRhy + rh — Vrh (10) 


R' = VRh, + rh’ + Rhy + rh — VRhy + th — Verh’ + rh+ Vrh (11) 


R? = VRh, + rh” + Rhy + rh — VRhy + rh — Vth” + rh + Vrh (12) 


The frequency of gene R’ is readily calculated from the frequency of pheno- 
type Rh,Rh,, after the frequency of gene R' has been determined. As shown 
in table 7, the sum of the gene frequencies closely approximates 100 percent 
both for Negroids and Caucasoids, in conformity with the expectations under 
the theory of multiple allelic genes. Table 7 also gives the frequency of gene 

The theory of multiple alleles can be further tested by calculating the ex- 
pected frequencies of types Rh;Rh;, Rh,;Rhe, and Rh:Rh, from the gene fre- 
quencies and then comparing the values obtained with the observed frequen- 
cies. As shown in table 7, here again the agreement between the theoretical 
and observed values is satisfactory. 
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These data, therefore, provide additional evidence supporting the theory 
of multiple allelic genes to account for the hereditary transmission of the 
Rh-Hr types. 

MOTHER-CHILD COMBINATIONS 


As already mentioned, the theory of multiple alleles can be tested by com- 
paring the blood types of mothers and their children. Therefore, our data 
have been analyzed from that point of view, with the exception of the 2 cases 
already described in which the maternity of the child was disputed. In this 
analysis the data for the Negroid and Caucasoid groups have been pooled in 
order to simplify the presentation. 

A-B-O groups. In table 8 are given the groups and subgroups of the mothers 
and their 555 children. According to the theory of multiple allelic genes, group 
O mothers cannot have children of group AB, nor can group AB mothers have 


TABLE 8. BLoop Groups OF MOTHERS AND CHILDREN FROM CASES OF DISPUTED 
PATERNITY 


| NUMBER OF CHILDREN OF GROUP 
GROUP OF MOTHER 


A: B 


| | 


group O children. Moreover, mothers of subgroup A: cannot have children of 
subgroup A,B, and mothers of subgroup A,B cannot have children of sub- 
group Ag. As shown in table 8, none of these four combinations have turned 
up in the material. The theory can be tested further by comparing the dis- 
tribution of the blood groups among the children of mothers of each group 
with the distribution to be expected from the gene frequencies in the general 
population. Since the data in table 8 comprises all our material, both from 
Negroids and Caucasoids, for this test a set of gene frequencies would have 
to be calculated by taking a weighted average of the values given in table 3. 
Let us take the children of group O mothers as an example. Since group O 
mothers transmit to all their children gene J°, the frequency of groups O, 
Ai, As, and B among the children would be proportional to the frequencies 
of genes J°, J“1, J42, and J, respectively, in the general population. A simple 
calculation demonstrates that the distribution of the groups closely corre- 
sponds to that expected from the theory. 


| 0 Ar Aus | AB | 

0. seated 170 46 | 0 16 2 | o | Oo | 254 
1 1 | 1 | 0 | 0 0 4 
| | Oo | oO | 4 zi 19 
| 0 | | 3 | 0 0 4 
Totals........... na 1 | 43 | 70 | 2 | 10 | 555 
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Therefore, the analysis of the distribution of the A-B-O groups and sub- 
groups among the mothers and their children provides further evidence con- 
firming Bernstein’s theory of multiple allelic genes. 

M-N types. The M-N types of the mothers and their 556 children are given 
in table 9. According to the theory of Landsteiner and Levine, type M mothers 
cannot have type N children, and type N mothers cannot have type M chil- 
dren, and as shown in the table these combinations did not occur in our data. 


TABLE 9. M-N Types OF MOTHERS AND CHILDREN FROM CASES OF DISPUTED PATERNITY 


NUMBER OF CHILDREN OF TYPE 


N MN 


0 74 
50 59 
60 


110 284 


TaBLeE 10. Ra-Hr Types or MOTHERS AND CHILDREN FROM CASES OF DISPUTED 
PATERNITY 


NUMBER OF CHILDREN OF TYPES | TOTALS 


rh’th | rh” Rho Rhrh Rh, Rh; Rh 


25 


oocorr Or 


w 
w 
on 


174 


A simple calculation will show that the distribution of the M-N types among 
the children does not deviate from that theoretically expected. Accordingly, 
these data confirm the theory of Landsteiner and Levine. Of the previously 
published studies on the M-N types in mother-child combinations, the recent 
report of Andresen (1947) deserves special mention because of its large size. 
Among the 20,000 cases studied by Andresen not a single exception to the 
theory was encountered. 

Rh-Hr types. In table 10 are presented the Rh-Hr types of the mothers 
and their 555 children. It will be seen that none of the mothers lacking the 
rh’ factor had children of type Rh,Rhi, and similarly, no mother of type 
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Rh, Rh, had children lacking the rh’ factor. The theory can be further tested 
by comparing the distribution of the Rh-Hr types among the ‘children with 
that calculated with the aid of gene frequencies among the general population. 
(The gene frequencies are obtained by taking a weighted average of the values 
given for Caucasoids and Negroids in table 7). In this case the calculations 
are considerably more complicated, but the case involving mothers of type 
rh is relatively simple. A simple calculation will show that the distribution 
among children of type rh mothers is proportional to the corresponding gene 
frequencies, as required by the theory. Accordingly, the results further support 
Wiener’s theory of multiple allelic genes, justifying the use of the Rh-Hr tests 
alongside of the A-B-O and M-N tests in cases of disputed parentage. 


CHANCES OF EXCLUDING ‘PATERNITY 


The man falsely accused of paternity is interested to know what chance he 
has of being exonerated should he submit to blood tests. The chance of ex- 
clusion varies depending on the distribution of the types in the general popula- 
tion. General formulae in the terms of gene frequencies, giving the chances of 
excluding paternity by the A-B-O and M-N tests, were derived in previous 
papers (Wiener e¢ al., 1930; Wiener, 1933). Similar formulae for the chances 
of excluding paternity in the far more complicated case of the Rh-Hr types 
have not yet been derived, and it is intended to present here only an approxi- 
mate calculation. As will be shown, the exclusion cases can be further used as 
a test of the genetic theory, because it should be possible to anticipate in ad- 
vance the relative incidence of exclusions by A-B-O, M-N, and Rh-Hr re- 
spectively, as well as the frequencies of double and triple exclusions. 

If we consider first the case of a single hypothetical agglutinogen D, in- 
herited by a pair of allelic genes D and d, the formula for the chances of ex- 
cluding paternity is readily derived. Paternity will be excluded only in the 
case where a D-negative woman has a D-positive child, and the falsely accused 
man is D-negative. The chance of excluding paternity is therefore given by 
the following formula (Wiener et al., 1930): 


(13) 


where d represents the frequency of the recessive gene. These chances attain 
a maximum value of 8.192 percent, when d has a frequency of 80 percent. 
Therefore, if a test is made for only a single blood factor, a falsely accused 
man has at most one chance in 12 or 13 of being exonerated. 

To determine the chance of excluding paternity by the A-B-O groups we 
must first calculate the chances for agglutinogens A and B separately. Since 
these two cases do not overlap, that is, a man cannot be excluded by both 
agglutinogens A and B at the same time, these two chances can be added 
(cf. table 12) to determine the combined chances. In addition, we must take 
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into account the fact that a man is excluded if he belongs to group AB and 
the child to group O, or if he belongs to group O and the child to group AB. 
While there is no overlap in the case where a man belongs to group AB and 
the child to group O, a man belonging to group O with the child to group AB 
could be doubly excluded by the blood groups. For example, if the mother 
belongs to group A, he would be excluded on the basis of agglutinogen B as 
well as the combination O = AB. In order that the same exclusion may not 
be counted more than once one must allow for this overlapping. In table 12, 
therefore, two values for the chances of excluding paternity by the combina- 
tion AB = O are given; the values in parentheses represent the net additional 
chances after allowing for overlapping. In a similar way, the chances of ex- 


TABLE 11. CHANCES OF EXCLUDING PATERNITY IN PRESENT Stupy A-B-O & M-N 


CAUCASOIDS NEGROIDS 


% 
8.15 
7.98 
3.60 (2.05) 


18.18 


2.36 
3.59 
11.73 


17.68 


32.65 


* The frequencies in parentheses represent the chances of excluding paternity after deducting 
the overlap with other exclusion cases. 


cluding paternity can be calculated for the A;-A; subgroups, bearing in mind 
that these tests are not entirely reliable, especially when testing blood from 
newborn infants. The chances of excluding paternity by the subgroups have 
not been calculated in Negroids because of the high incidence of bloods giving 
intermediate reactions in this race. 

It will be seen that the average chance of excluding paternity by the A-B-O 
groups in both Negroids and Caucasoids is approximately 18 to 20 percent, 
in conformity with previous calculations. 

M-N types. Applying the principles already presented the chances of ex- 
cluding paternity by the M-N types are readily calculated as shown in table 
12. The chances for excluding paternity by the M-N types are not signifi- 
cantly different for Caucasoids and Negroids, and are equal to about 18 per- 
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cent. When the tests for both A-B and M-N are performed, the chances of 
exonerating a falsely accused man, whether Caucasoid or Negroid, are about 
one in three. 

Rh-Hr types. In the case of the Rh-Hr types, the problem is considerably 
more complicated, because one must take into account the six blood factors, 
th’, rh”, Rho, hr’, hr”, and rh”; as well as the combinations rh’ neg. = hr’ 
neg., and rh” neg. = hr” neg. While the individual chances are readily cal- 
culated, the total chance is not merely the sum of these individual chances 
because of the existence of cases excluded under more than one of the eight 
possible categories. The difficulty in computing the general formula consists 
in estimating the exact degree of overlapping of the various categories, and 
deducting this from the sum. As a reasonable estimate, one may assume that 
the chance of a falsely accused man’s being excluded by the Rh-Hr tests is 


TABLE 12. CHANCES OF EXCLUSION OF PATERNITY BY Ru-Hr Bioop Types 


AGGLUTINOGEN CAUCASOID 


rh’ 
rh” 
Rho 
hr’ 
hr” 
rh” 


rh’ neg. = hr’ neg. 
th” neg. = hr” neg. 


2.6 
2.5 


About 25% About 25% 


approximately 25 percent, both for Caucasoids and Negroids. Therefore, the 
combined chance of excluding paternity by all three tests, A-B-O, M-N, and 
Rh-Hr, is approximately 50 percent. 

Statistical analysis of exclusion cases. Jf the chances of excluding paternity 
are known for A-B-O, M-N, and Rh-Hr individually, one can readily calculate 
the frequency with which cases will occur in which paternity is excluded by 
two of the three tests simultaneously, or by all three tests at one time. In 
table 13, we have analyzed our 88 cases? of exclusion of paternity according 
to the test by which the man was excluded. Then, assuming an exclusion 
chance of approximately 20 percent for the A-B-O groups, 18 percent for the 
M-N tests, and 25 percent for the Rh-Hr tests, the “ideal” distribution for 


* The analysis does not include the two cases of disputed maternity, or cases in which only the 
child and putative father were tested. In cases where more than one child was involved each child 
excluded was counted separately. Cases in which there were two putative fathers, one of whom 
was excluded, were also included in the analysis. 


NEGROID 
2.48 10.13 
7.49 9.96 
1.0 0.51 
2.63 .04 
.05 .03 
2.18 0 
12.05 
| 
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these 88 cases was calculated. Comparing the observed and the theoretical 
frequencies, one finds that x? = 8.6 for 6 degrees of freedom, so that P is 
approximately equal to 20 percent, indicating that the deviations are not 
statistically significant. The deviations would have been even smaller but for 
two factors, namely, a shortage of exclusions by the M-N tests, and an excess 
of instances of triple exclusion. There is hardly any doubt that these small 
deviations are accidental; for example, in a previous study of 432 cases of 
paternity there was no shortage of exclusions by the M-N tests (cf. table 13). 
These results therefore supply additional evidence supporting the theories of 


TABLE 13. ANALYsIs OF CASES IN WHICH PATERNITY Was EXCLUDED 
IDEAL DISTRIBUTION 


| FORMER 
|Calculated | RESULTS] 
number | 
| of casest 


5 — : 
M-N... | | Nx'ye’/(1 — 
Rh-Hr 


PATERNITY | soIDs | 


TESTS WHICH EXCLUDED | CAUCA- | NEGROIDS | roratst 
| General formulae* 


A-B & M-N..... | Nexys'/(1 — 2x’y’s’) 
A-B & Rh-Hr....... 6 | Nxy'z/(1 — x’y’2’) 
M-N & Rh-Hr......... 5 | | 5 | Nx’yz/(1 — x’y’s’) 


A-B, M-N, & Rh-Hr..__| | | | Nexys/(1 — 


46 


* In the formulae, x is the exclusion rate for A-B-O, y the exclusion rate for M-N, and = the ex- 
clusion rate for Rh-Hr. Also, x’ = 1 — x, y’ = 1 — y, x’ = 1 —z, and N is the total number of 
cases in which paternity was excluded. 

f On assumption of 20 percent exclusion rate for A-B-O (x = 0.20), 18 percent for M-N (y = 
0.18), and 25 percent for Rh-Hr (z = 0.25). Therefore, x? = 8.6, p. F. = 6, so that P = 0.20, nearly. 

t Since the chances of excluding paternity are approximately the same for Negroids and Cau- 
casoids, the data have been combined in order to increase the size of the series. 

{ Results of tests for A-B-O and M-N in 432 cases of disputed paternity (Wiener, 19432). 


inheritance of the A-B-O blood groups and M-N and Rh-Hr types by multiple 
allelic genes. 


COMMENT 


It is of interest to note the psychological reaction of the mother when con- 
fronted with the results of blood tests which exclude the man whom she has 
accused of the paternity of her child. Mr. Sidney B. Schatkin, Assistant 
Corporation Council for the City of New York, who represents the mothers in 
the majority of cases of disputed parentage tried in the Court of Special Ses- 
sions of New York City, has described his experiences in such instances in his 
excellent book (Schatkin, 1947). Whereas the mother previously had denied 
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having relations with any one but the accused man, when confronted with the 
results of the tests she almost invariably recalls an incident involving another 
man who could be the father. All cases in which the accused man is excluded 
should be rechecked by an independent expert, in order to rule out the possi- 
bility of error in technique, and this is the regular practice in the Court of 
Special Sessions. Each individual is fully identified by the signature and thumb 
print, and in cases of babies by the foot print, in order to guard against sub- 
stitution. When every possibility of mistake has been excluded by these pre- 
cautions, there can be no doubt concerning the reliability of a blood test 
exclusion. 

In several states statutes have been passed requiring courts to order parties 
in a action to submit to blood tests in cases where parentage is in issue. 
However, the results of the blood tests are not binding on the court, which 
treats the tests as ordinary evidence. When the child is born out of wedlock, 
as in the cases tried before the Court of Special Sessions of New York City, an 
exclusion of paternity has been regularly followed by acquittal. Where the 
couple is married, however, so that the child is presumed to be legitimate, 
the courts are sometimes reluctant to grant a divorce on the basis of the blood 
test results since this would serve to bastardize the child, and thus harm an 
innocent third party. To circumvent this objection in a recent case the wife 
went to another state where she obtained a divorce on different grounds. 

With regard to the nomenclature and genetics of the Rh-Hr types, the one 
proposed originally (Wiener, 1943) is logical and consistent with the accepted 
concept of heredity of the A~-B-O groups, and M-N types. The genetic theory F 
and nomenclature sponsored by Fisher and Race, if it were acceptable, would 
make the position of the Rh-Hr types unique among the known blood types 
But there is no reason to believe that the mechanism of the heredity of the 
Rh-Hr types should be different in principle from the A-B-O and M-N types. 
Moreover, as has recently been pointed out (Wiener, 1950), Hro or “‘little d” 
has not yet been conclusively demonstrated to date, if it exists at all, so that 
any theory and nomenclature which includes a symbol for this factor is mis- 
leading if not entirely incorrect. 


SUMMARY 


The results of the A-B-O, M-N and Rh-Hr tests in 526 cases of disputed 
parentage have been summarized and analyzed from the standpoint of the 
mechanism of inheritance. The results support the concept that the Rh-Hr 
types, like the A-B-O and M-N types, are inherited by a series of multiple 
allelic genes. There were 88 cases in which paternity was excluded and 2 in 
which maternity was excluded. These are listed, and a few of the cases were 
described in detail. The chances of excluding }:aternity where the man has been 
falsely accused have been calculated, and the combined chances when all three 
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tests, A-B-O, M-N, and Rh-Hr are done, are found to be approximately 50 
percent. 
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Erratum 


American Journal of Human Genetics, Vol. 2, No. 1 


p. 109, line 1—in place of “The brief but well-planned and plainly suspicious 
histories of the American Society of Human Genetics and the American 
Journal of Human Genetics . . . etc.” read: “The brief but well-planned and 
plainly auspicious histories . . . etc.” (The Editor offers humble apologies to 
Professor Snyder and officers of the Society for this most inauspicious error and 
promises in future to be more suspicious of manuscripts. Frankly, it had not 
occurred to him that the “conception,” “birth,” and “babyhood” of the 
Journal might have been deemed auspicious, but rather it was guessed that 
Dr. Snyder’s “suspicion” alluded perhaps to a matter that could have been 
felt difficult of explicit mention even by a geneticist, namely the fact that the 
“baby” had, at the moment, a status of pater incertus; howsoever, all suspicion 
seemed to be allayed when it was established that the Coolidge Foundation 
had served in the role of a very real and generous father!) 
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BOOK REVIEWS 


Microphthalmos and Anophthalmos with or without Coincident Oligo. 
phrenia: A Clinical and Genetic-Statistical Study 


By ToRSTEN SJOGREN and TaGcE Larsson (Psychiatric Clinic, Karolinska 
Institutet, Stockholm). Copenhagen: Ejnar Munksgaard, 1949. Pp. 103, 
with 28 figures. Price 15 Swed. Crowns. 


IN line with the well-adapted investigative procedure employed in Scandinavian population 
genetics, this Swedish study combines a complete population census of congenitally blind 
persons with a special genetic analysis of microphthalmic and anophthalmic cases with 
(MO; 58 cases) or without (Mi; 79 cases) evidence of mental defect (imbecility or idiocy). 
The report is of interest not only because of the impressive size of the sample investigated, 
but also because of certain interpretative differences between the conclusions drawn by the 
authors and those of other investigators. 

Since annual lists of all blind persons below age 20 have been kept by local authorities 
for more than 50 years, it has been possible for the authors to obtain a fairly precise estimate 
of the incidence of this easily recognizable type of congenital (hereditary) blindness in the 
total Swedish population (150-170 cases and 6.84 millions, respectively, at the end of 1947). 
The available sample consists of 137 index cases, which occurred in a total of 122 families. 
The observed disease expectancy for the siblings of MO cases is reported to approximate 
9 + 3 per cent, and the rate of parental cousin marriages has been found increased to 6 
per cent. No evidence has been obtained in support of a possible etiological significance of 
syphilis or German measles in the mother during pregnancy. However, an increase in the 
incidence of epilepsy, spastic paraplegia and various skeletal anomalies has been observed 
in the 46 families comprising 58 MO cases. 

The general frequency of blind children of school age (7 years) in Sweden has been es- 
timated by the authors at 0.31 per thousand. To this total number of blind school children, 
MO and Mi cases have been found to contribute about 8 per cent (0.025 per thousand in 
relation to the total population), with an approximately equal distribution of MO and Mi 
cases and of the two sexes. The average life expectancy of MO cases is said to be 15-20 
per cent lower than that of the normal population, while no increased mortality or only a 
very slight increase has been observed for Mi cases. 

The frequent association of mental defect with bilateral microphthalmia or anophthalmia 
is not regarded as coincidental, since this association is believed by the authors to exceed 
random expectation about 70 times. On the other hand, only one Mi case has been observed 
in MO families (which means that all the other Mi cases have been in families without men- 
tal defect), while mental deficiency is said to be increased only among the siblings of MO 
cases. The authors assume, therefore, that microphthalmic cases with and without mental 
defect are genetically distinct entities, and that the ocular and cerebral defects in the latter 
group are either expressions of the same disease or “strongly linked.” Accordingly, Mi cases 
are claimed to be largely due to a dominant gene with a low degree of expressivity, while 
incomplete recessive sex-linkage with reduced expressivity is favored for the MO type of 
the disease. With respect to the latter type it is admitted, however, that some pedigrees 
apparently follow the pattern of ordinary recessive sex-linkage and that others indicate the 
possibility of new mutations “with a dominant appearance.” 

The hypothesis of two genetically distinct entities (MO and Mi) is supported by the 
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authors, although they are familiar with the observation of Roberts that MO and Mi cases 
may occur in the same sibship. They do not mention, however, that Roberts’ findings have 
been corroborated by an interesting pedigree published by Kallmann in 1940 (a monozy- 
gotic and completely concordant pair of MO twins with a microphthalmic sibling who was 
mentally normal; Am. J. Ment. Defic. 45: 25). In the reviewer’s opinion it would seem de- 
sirable, therefore, to consider this part of the otherwise valuable Swedish study as not fully 
conclusive and, consequently, as still being in need of further clarification. 

The English version of this well-printed monograph is neither free of typographical 
errors nor entirely consistent in terminology. Otherwise, the English translation would 
appear satisfactory. 

KAREL PLANANSKY 
Department of Medical Genetics, 
New York State Psychiatric Institute, New York, N. Y. 


Congenital Deformities of the Upper Extremities 


By ARNE BIRCH-JENSEN (Dissertation, M.D., University of Copenhagen). 
Copenhagen: Ejnar Munksgaard, 1949. Pp. 285; 71 pedigree charts; 48 plates 
with 703 figures. Dan. Kr. 25. 


Tus work is volume 19 in the Contributions from the University Institute for Human 
Genetics, Copenhagen. It is limited to defects in which portions of the upper extremities 
are absent or hypoplastic, including conditions arising either through initial maldevelop- 
ment or by action of harmful influences on a presumably normal embryonic part. The 
principal defects, without listing their subtypes, are: split-hand, atypical split-hand, ec- 
trodactyly, defects of radius and ulna, amputations, symbrachydactyly, secondary 
syndactyly. 

A highly significant feature of this monograph is its body of data on incidence of the 
various malformations. The author is convinced that the search was so thoroughgoing that 
his series comprises all living persons in Denmark who present the defects in question. 
Accordingly, frequencies of the types of malformation are stated in terms of the national 
population, about four millions. The series of cases comprises 625 persons, hence the inci- 
dence of all types combined is 1:6,438. Further, there is a supplementary analysis of fre- 
quencies in the newborn, based on records in maternity hospitals. The plates form a valuable 
atlas, illustrating by photography and x-ray an extensive and varied assemblage of these 
cases, 

Each type of defect is introduced by a review of pertinent literature and then, on the 
basis of the author’s material, it is considered descriptively and from the standpoint of 
inheritance. Comments on the indicated eugenic advice are offered. 

The monograph is a useful contribution. Its fault, in the opinion of the reviewer, lies in 
the attempt to draw a rigid distinction between endogenous and exogenous factors re- 
sponsible for the defects and in classifying the cases in accord with this etiological system. 
Amputations, for example, are classified in two groups in accord with the assumed differ- 
ence of etiology. Some of the cases appear to represent agenesis rather than amputation of 
parts, and among those of the assumed exogenous type there are certainly instances which 
arose from intrinsic causes. 

CuMMINS 
Department of Anatomy, 
Tulane University, New Orleans, La. 
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Ernaehrung und Konstitution 


By Wipuxinp Lenz (Géttingen). Berlin and Munich: Urban and 
Schwarzenberg, 1949. Pp. vii + 246. 


Tuts book of 246 pages, written by an author so far unknown, is based chiefly upon ex- 
tensive studies of the literature as a British prisoner of war. It contains a tremendous 
amount of quotations of various authors in different fields of human knowledge including 
history, ethnology, anthropology, religion, and normal and pathological psychology. The 
author defines constitution as the sum total of essential and permanent individual charac- 
teristics of body build, efficiency, resistance and mentality. They are, in the author’s opin- 
ion, produced chiefly by the activity of the endocrine system which, in turn, is modified 
by nutrition. Diet rich in calories, fat and proteins produces a vigorous and resistant con- 
stitution in children and adolescents; it may, however, endanger the health at an advanced 
age by furthering certain constitutionally determined disease processes. Better nutrition 
accounts for the greater size and better health of the younger generation. It also accounts 
for the increasing frequency of cyclothymic, extrovert, well fed personalities of modern 
times as contrasted with the prevalence of schizoid, introvert, lean personalities of the 
middle ages. The important role of heredity in forming the individual constitution is ac- 
knowledged but not sufficiently emphasized. The argumentation of the author is based 
mainly upon remarks of various authors accumulated from the literature rather than upon 
facts. To geneticists it is not convincing. 

Juttus BAUER 

Department of Medicine, 

College of Med. Evang., Los Angeles, Calif. 


Paralysis Agitans: A Clinical and Genetic Study 


By Henry Myjones (Psychiatric Clinic, Karolinska Institutet, Stock- 
holm). Copenhagen: Ejnar Munksgaard, 1949. Pp. 195, with 23 figures 
and 11 maps and pedigrees. 


IN pursuit of the goal set by the previous studies of Allan, Kehrer and others, a new attempt 
was made by this Swedish investigator to identify the genetic basis of a clearly delineated 
syndrome of paralysis agitans (p.a.) and to clarify its etiologic relationships to other forms 
of Parkinson’s disease, either genetic or non-genetic in origin. The investigation has been 
limited to a sibship analysis according to the Weinberg, Haldane and Strémgren methods, 
the last one being considered the most appropriate for the given single-born hospital pa- 
tients, of whom 194 were classified as typical p.a. cases, and the rest as Parkinson’s disease 
with (32 cases) or without (24 cases) arteriosclerotic admixture. In the main group (index 
cases with an additional p.a. case in one of the parents), a total of 113 p.a. cases has been 
observed in the families of 46 probands. A preponderance of male p.a. cases among the par- 
ents and siblings (57 per cent) is interpreted as evidence of decreased expressivity in the 
female, although the limitations of the available data (2 generations without collateral 
lines) precluded a search for other possible explanations such as partial sex linkage. 

That the main findings of the author do not seem to be much closer to his stated goal 
than were those of previous investigators is conceded in the concluding statement “that the 
only tenable criterion for the diagnosis of hereditary p.a. is the demonstration of secondary 
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cases.” Evidentiy, however, this rather negative result has largely been due to the technical 
complexities of the subject matter studied rather than to any lack of effort, lack of diagnostic 
consistency, or lack of investigative purpose. 

In the author’s opinion, there are genetically as well as extrinsically determined cases of 
both p.a. and other Parkinson syndromes. With respect to the former it is believed that the 
theory of single-factor, autosomal dominance with an expressivity rate of approximately 
60 per cent has been reaffirmed. Tremor is said to be the most constant, and sometimes the 
only, symptom of p.a. cases, and there is no evidence in support of the theory that juvenile 
p.a. cases constitute an independent nosological entity. The observed mean age at onset is 
49 years, varying from 7 to 81 years of age, while the average life expectancy of affected 
persons has been found to be reduced by almost 50 per cent. Particular emphasis is placed on 
the absence of “heteropheny” in p.a. families, but mental disturbances of a “reactive” 
nature are said to occur in 40 per cent of the patients. 

The monograph is clearly organized, adequately documented, and exceptionally well- 
printed, although the English translation leaves much to be desired. 

KAREL PLANANSKY 
Department of Medical Genetics, 
New York State Psychiatric Institute, New York, N. Y. 
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BIBLIOGRAPHY OF HUMAN GENETICS 


Tus section, prepared by the Editor, continues the current list of research articles and books of 
interest to students of human heredity. For information concerning the arrangement of titles, abbre- 
viations for medical serials, and authors’ addresses, see Part I of the 1949 list (Am. J. Human Genel, 
1: 105-112). 


Numbers placed in square brackets following citations in the present list ((1], [2], [3]) refer to earlier 
parts of the current 1949 list, where the author’s address is provided. 


1949—PART 4 


ADLERSBERG. D. Newer advances in gout. Bull. N. York Acad. M. 25(10): 651-665. [Mount 
Sinai Hosp., New York, N. Y.] 

ALLEN, F. H., Jr., Diamonp, L. K., & Wartrous, J. B., Jr. Erythroblastosis fetalis; the 
value of blood from female donors for exchange transfusion. N. England J. M. 241(21): 
799-806. [Children’s Hosp., 300 Longwood Ave., Boston 15, Mass.] 

AttuorF, H. Zur Frage der sporadischen Haemophilie. Zschr. Kinderh. 67: 343-349. [Uni- 
versitats-Kinderklinik, Bonn, Germ.] 

ALvaREz, G. Epidermolisis ampollosa distréfica con quistes epidérmicos no hereditaria. 
Rev. méd. Cérdoba. 37(11): 539. 

ALvorp, R. M. Coronary heart disease and xanthoma tuberosum associated with hereditary 
hyperlipemia; study of 30 affected persons in a family. Arch. Int. M. 84(6): 1002-1019. 
(Dept. Med., Univ. Utah College of Med., Salt Lake Ciy, Utah]. 

AMERLINCK, F. Sébocystomatose héréditaire. Arch. belg. derm. syph. 5(3): 187-191. 

Anonymous. Familial hepatic cirrhosis. Brit. M. J. 1(4642): 431. 

Anonymous. Medical genetics. Brit. M. J. 1(4644): 67-68. 

Appet, W. Uber die klinische Bedeutung des Stewart-Morel-Morgagnischen Syndroms. 
Deut. Arch. klin. Med. 194(3): 353-366. [Med. Universitiatsklinik Kiel, Kiel, Germ.] 

APPELMANS, M., & Guns, P. Troubles auditifs et lésions associées a la dégénérescence 
pigmentaire de la rétine. Acta neur. psychiat. belg. 49(9) : 613-620. 

ARANDA VEGA, C. Un caso de indiferencia congénita al dolor, de caracter familiar. Bol. med. 
Hosp. inf., Mex. 6(5): 638-648. 

ARLET, J., & Dunctas, J. Un nouvel exemple de spondylarthrite ankylosante familiale. 
Rhumatologie, 4: 164-167. 

BARRAQUER Borpas, L. Sobre la herencia y etiopatogenia del tic doloroso trigeminal. Arg. 
neuropsiquiat., S. Paulo, 7(3): 241-263. 

Bacct, G., & Romer, L. A new contribution on the familiarity of pernicious anemia. Acta 
haemat., Basel, 2(5): 286-298. [Clinica Medica, Universita di Roma, Italy]. 

BamartTER, F., & SrerRO, A. Deux cas d’idiotie amaurotique de Tay-Sachs dans une famille 
valaisanne. Rev. otoneur., Par. 21(6): 356-359. 

BarRBIER, J., GUILLERMET, J., & Moret, P. Deux leucémies aigués successives dans la 
méme famille. Lyon méd. 182(49): 379-381. 

Barguin, F. Alcaptonurias, sindrome de orinas negras u oscuras. Inform. méd., Habana, 
13(3-4): 170-173. 

Bauer, R. A. The genetics controversy and the psychological sciences in the USSR. Amer. 
Psychologist, 4: 418-421. [Harvard Univ., Cambridge, Mass.] 

Betscu, K. Die kryptogenen Myopathien als konstitutionell bedingte Stoffwechselkrank- 
heiten. Frankf. Zschr. Path. 61(2): 286-304. [Bakter.-Serolog. Inst., Staidtisches Krank- 
enanstalten, Karlsruhe 17a, Germ.] 
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BELMONTE GANZALEZ, J. Una familia de daltonianos. Arch. Soc. oft. hisp. amer. 9(12): 1276- 
1280. 

BickERSTAFF, E. R. The familial aspects of sarcoidosis. Brit. J. Tuberc. 43(4): 112-116, 2 pl. 
[Queen Elizabeth Hospital, Birmingham, Eng.] 

BiRCH-JENSEN, A. Congenital deformities of the upper extremities. Opera ex Domo Biol. 
Hered. Human. Univ. Hafn. vol. 19, pp. 9-285. 

BiscHorr, H. W., & Nickias, E. W. Sublingual hematoma as an unusual complication of 
hemophilia. J. Pediat. 35(4): 488-492. [Dept. of Pediatrics, Children’s Hospital, Wash- 
ington, D. C.] 

BLUMENTHAL, G. BARDELLE, W. & RorHE, G. Die Beziehungen des Forssman-Antigens zur 
infektidsen Mononukleose und Blutgruppensubstanz A, des Menschen. Zschr. Immun- 
forsch. 107(1-2): 175-195. 

BouRNE, W. A., & WacstarrF, J. K. Familial haemorrhagic telangiectasia (Rendu-Osler- 
Weber disease). Proc. R. Soc. M. 42(7): 515. [46 Wilbury Rd., Hove 3, Sussex, Eng.] 

BouRNE, W. A., & Wacstarr, J. K. Non-familial haemorrhagic telangiectasia. Proc. R. 
Soc. M. 42(7): 516. 

BourQuIN, J., & Bourgury, J. B. A propos d’une atrophie gyrata choroideae et retinae de 
Fuchs apparaissant dans une famille de rétinites pigmentaires. Ophthalmologica, Basel, 
118(4—5) : 848-857. 

Bop, W. C. Present status of Rh blood types and nomenclature. Am. J. Phys. Anthrop. 
7(4): 519-527. [Boston Univ. School of Med., Boston, Mass.] 

Boyp, W. C. Gene frequencies and race mixture. Am. J. Phys. Anthrop. 7(4): 587-594. 

Boyp, W. C. & Boyn, L. G. The blood groups and types of the Ramah Navaho. Am. J. 
Phys. Anthrop. 7(4): 569-574. 

Brannt, S. Hereditary factors in infantile progressive muscular atrophy. Am. J. Dis. Child. 
78(2): 226-236. 

Brant, W. Morphological typology of the individual and of groups. Acta biotheor., Leiden, 
9(1-2): 41-56. 

BRENLLA LosapA, J. Consideraciones sobre la investigacion biologica de la paternidad. 
Rev. med. leg., Madr. 4(40-41) : 221-235. 

Br¢BECK, O. Heredity in cancer uteri. Opera ex Domo Biol. Hered. Human. Univ. Hafn. 
vol. 21, pp. 10-107. 

Brown, M. R. The factor of heredity in labyrinthine deafness and paroxysmal vertigo; 
Méniére’s syndrome. Ann. Otol. Rhinol. 58(3): 665-670. (264 Beacon St., Boston, Mass.] 

BurKE, B. S., STEVENSON, S. S. Nutrition studies during pregnancy; relation of maternal 
nutrition to condition of infant at birth; study of siblings. J. Nutrit. 38(4): 453-467. 
{Dept. Maternal & Child Health, Harvard School of Public Health, 55 Shattuck St., 
Boston 15, Mass.] 

. Burt, C. Eugenics; intelligence and genius. Brit. M. Bull. 6(1-2): 78 [University College, 
London W. C. 1, Eng.] 

CapatL, J. Le polymorphisme du syndrome de Léffler. J. méd. chir., Par. 120(12): 303-311. 

CaccamisE, W. C. Congenital nonprogressive night blindness (Oguchi’s Disease). Bull. 
U.S. Army M. Dep. 9(11): 920-928. 

CaLtecari, G. Contributo alla conoscenza dell’ittero nucleale (Kernicterus) da incom- 
patibilita Rh maternofetale. Riv. ostet., Milano. 31(9): 412-422. 

Caminitr MANGANARO, E., & FARAONE, G. Omotrapianto cutaneo a lembo tubulato alla 
Filatoff-Gillies e gruppi sanguigni, Sangue, Milano, 22(5): 215-228. 

CampBeLt, M. Genetic and environmental factors in congenital heart disease. Q. J. Med., 
Oxf. 18(72): 379-391. [The Cardiac Dept., Guy’s Hosp., London, Eng.] 

Campos, E. O daltonismo. Rev. brasil. oft. 8(2): 79-111. 
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CASTANER-VENDRELL, E., & BARRAQUER-Borpas, L. Six membres de la méme famille avec 
tic douloureux du trijumeau. Mschr. Psychiat., Basel, 118(2): 119-128. 

CazaL, P., & Courtit, M. Recherches sur l’antigéne O (antigéne H de Morgan et Watkins) 
au moyen de sérums d’anguilles. Sang, Par. 20(8): 519-535. 

CHALMERS, J. N. M., [ktn, E. W., & Mourant, A. E. The ABO, MN and Rh blood groups 
of the Basque people. Am. J. Phys. Anthrop. 7(4): 529-544. [Dept. Path., St. George’s 
Hosp., London, Eng.] 

CHESKIN, L. J. Hyperthyroidism with carcinoma of the colon in sisters. J. M. Soc. N. Jersey, 
46(10): 468-471. [31 Lincoln Park, Newark, N. J.] 

CLEMMESEN, J. The status of genetical studies in human cancer. Brit. J. Cancer, 3(4): 474- 
484. [Danish Cancer Registry, Copenhagen, Denm.] 

CopwELL, J. E. Motor function and the hybridity of the American Negro. J. Negro Educ. 
18: 452-464. [Wheatly High School, Houston, Tex.] 

Coraco, L. Uterus pseudo-didelphus with simultaneous pregnancies. J. Obst. Gyn. Brit. 
Empire, 56(6): 1018-1023. [Sabina Lobo Memorial Maternity Hosp., Mangalore, 
India.] 

CorpieR, J., & DE Lary, A. Sur une hérédo-dégénération spastique associée 4 une dystrophie 
cranienne, oligophrénie et avec une cataracte spéciale. Acta neur. psychiat. belg. 49(9): 
621-630. 

CornER, B. Coeliac disease in twins. Proc. R. Soc. M., Lond. 42(11): 915. 

Cornit, L., & Cuarprn, J. Etude critique du réle des facteurs héréditaires dans l’apparition 
du cancer. Sud. méd. chir. 81(2321): 1306-1314. 

Cort1n1, G. B. Association des syndromes de Groenblad-Strandberg et d’Ehlers-Danlos dans 
le méme sujet. Acta derm. vener., Helsin. 29(6) : 544-549. [Clinica Dermosyphilopathica, 
Univ. di Catania, Italy.] 

Craic, W. McK., & Horrax, G. The occurrence of hemangioblastomas (two cerebral and 
one spinal) in three members of a family. J. Neurosurgery, 6(6): 518-529. [Section on 
Neurosurgery, Mayo Clinic, Rochester, Minn.] 

CritcHLEy, M. Observations on essential (heredofamilial) tremor. Brain, Lond. 72(pt. 2): 
113-139. [National Hosp., Queen Square, London W. C. 1, Eng.] 

Crossy, W. H., & Sacks, H. J. The coincidence of Mediterranean anemia and pernicious 
anemia in a young Sicilian. Blood, Balt. 4(11): 1267-1270. [Medical and Laboratory 
Services, Brooke Gen. Hosp., Fort Sam Houston, Texas.] 

CurtH, H. O. Follicular atrophoderma and pseudopelade associated with chondrodystrophia 
calcificans congenita. J. Invest. Derm. 13(5): 233-247. (35 E. 84th St., New York 28, 
N. Y,.] 

Dana, R., Corcos, A., ef al. Un cas familial d’ostéopathie de carence; syndrome de Looser- 
Debray-Milkman. Tunis. méd. 37(10): 818-824. 

DantcuakorrF, V. Le Sexe: Réle de l Hérédité et des Hormones dans sa Réalization. Paris: | 
Presses Univ. de France. 

Da Sttva, E. M. Blood groups of Indians, Whites and White-Indian mixtures in southern 
Mato Grosso, Brazil. Am. J. Phys. Anthrop. 7(4): 575-586. [Instituto Oswaldo Cruz, 
Rio de Janeiro, D. F., Brazil.] 

De Brécovurt, J. J. Familiair voorkomen van spondylarthritis ankylopoetica (ziekte van 
Bechterew). Ned. ischr. geneesk. 93(45): 3814-3817. 

De Gucue mo, G. Emopatie familiari. Progr. med., Nap. 5(21): 649-652. [Clinica Medica, 
Univ. Napoli, Italy]. 

De Krome, L., VAN Der Spek, L. A. M., & Rorrincuuts, H. Immunisatie met de A- of 
B-factor bij zwangeren met Rhesus-antogonisme. Ned. tschr. geneesk. 93(37): 3143- 
3147. [Unsere Lieuve Vrouwe Gasthuis, Amsterdam, Netherl.] 
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DELANEY, A. M. Variants of the Rh type; an interesting family study of an Rh gene allelo- 
morphic to D. Med. J. Australia, 2(14): 500-502. [Path. Dept., Brisbane Gen. Hosp., 
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rhésus dans les encéphalopathies infantiles. Ann. méd. psychol., Par. 107 (Pt. 2, No. 3): 
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Detay, J., Picnor, P., & Bertacna, L. L’oligophrénie phénylpyruvique, son traitement par 
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DELL’Acqua, G. L’importanza della eredopatologia nella medicina clinica. Minerva med., 
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munizzanti. Lattante, 20(11): 663-669. 

FonTAN, VERGER, ef al. Sclérose tuberéuse observée chez quatres membres d’une méme 
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